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INTRODUCTION

Project 1: Early genetic changes in human epithelial ovarian tumors

Ovarian cancer is the fourth cause of death from all cancers among American women and ranks
the highest among deaths from gynecologic malignancies. Although the cure rate with stage I ovarian
cancer approaches 90%, two-third of patients are diagnosed with advanced intraperitoneal metastatic
disease, with five year survival rate of 15 to 20%. Therefore, it is of paramount importance to identify a
marker(s) for early diagnosis of the disease. However, it has been rare to identify Stage I disease and to
see transition within a malignant tumor from benign to malignant epithelium which might help us to
identify early genetic changes during ovarian cancer development. Recent histologic studies on
prophylactic ovaries from high-risk individuals showed the presence of microscopic premalignant and
malignant epithelia suggesting that they may create an identifiable milieu from which common epithelial
tumors of the ovary will mostly likely arise. Molecular genetic study on these microscopic malignant
epithelia would provide us with early genetic events during ovarian cancer development. We therefore
propose first, to perform LOH study on specific loci on chromosome 1p, 3p, 5q, 6q, 7q, 9p, 1lp, l1q,
12p, 12q, 14q, 17p, 17q, 22q and Xq by polymerase chain reaction (PCR) analysis of tandem repeat
polymorphisms; second, to perform immunohistochemistry study on specific oncogene and tumor
suppressor genes on paraffin sections prepared from ovaries with microscopic malignant serous lesions
and to study specific oncogene activation and tumor suppressor gene inactivation by single strand
polymorphism (SSCP) analysis and direct PCR sequencing on microdissected malignant serous
epithelium obtained from paraffin-embedded ovaries; and third, to perform RNA fingerprinting on
mRNA isolated from microdissected normal and malignant ovarian epithelial cells prepared from
normal ovarian surface epithelium and early stage serous ovarian carcinoma and to identify
differentially expressed genes in these early stage epithelial ovarian cancer cells. We believe that these
studies should provide us with early genetic changes during ovarian cancer progression and serum
markers which can be used for early diagnosis of the disease which will significantly improve the
survival rate of the patient.

Project 2: A Potential Serum Marker for Ovarian Cancer

The poor prognosis of ovarian cancer is mainly due to the lack of sensitive tests for early
detection of the disease, which is often asymptomatic. Studies have shown that ovarian cancer detected
in early stage has a high five-year survival rate of exceeding 90% (1, 2). Therefore, identification of
molecular marker for early stage ovarian cancer detection is of paramount importance. This project is to
study a cDNA sequence which we have recently identified by differential display. The encoded protein
is highly homologous to trypsin and members of the kallikrein protease family. The novel protease,
named as protease M, is highly expressed in many invasive epithelial ovarian cancer tissues and cell
lines, but not in normal ovarian cell cultures (3). Since the preliminary data showed that upregulation of
protease M was also observed in stage I tumors and the protease was detectable in the conditioned media
culturing the tumor cells, the proposed work is to evaluate the potential use of protease M as a serum
marker for early detection of ovarian cancer and for monitoring treatment response of ovarian cancer
patients, similar to the use of another kallikrein member, prostate-specific antigen (PSA), in the
diagnosis and prognosis of prostate cancer (4). The three objectives of this project are: 1) to study the
expression level of protease M in normal human ovaries and ovarian tumors of different stages and
histological grades; 2) to characterize protease M and to identify the physiological substrates for
protease M by an innovative cyclic peptide library screening method; 3) to develop a sensitive, specific,
and reproducible method for measuring the circulating protease M in the sera of ovarian cancer patients.
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The results of this study will have a significant impact upon developing a substantially more efficient
early detection program with an increased probability of reducing mortality from ovarian cancer. The
characterization of protease M protein and identification of physiological substrates for protease M may
provide insights into the probable function of this novel protease in the pathogenesis of ovarian cancer.
The identified optimal peptide substrates with high specificity and affinity for protease M will have
significant value in the development of a carrier for targeted delivery of cytotoxic agents to protease M-
secreting ovarian cancer cells.

Project 3: Hormones as etiological factors of ovarian carcinogenesis

Ovarian cancer (OC) is the highest-ranking cause of death from gynecological cancers among
American women. All cell types of the human ovary may undergo neoplastic transformation; the vast
majority (80-90%) of malignant tumors are derived from the single layer of epithelial cells covering the
ovarian surface. Although the etiology of OC is still unknown, several theories have been put forth to
explain epidemiologic correlates. Nulliparity, lower number of pregnancies, never breast-feeding, and
infertility are linked to increased incidence of ovarian cancer. Since these conditions may increase the
number of ovulations in a woman's life-time, a unified hypothesis has been proposed to explain the
interrelationships between OC and these contributory factors. It has been postulated that "incessant
ovulation" leads to neoplastic transformation of HOSE cells. It is believed that following ovulation,
ovarian epithelial cells undergo rapid proliferation to repair the ruptured epithelium. While the etiology
of OC remains elusive, epidemiological observations have implicated ovarian steroids and/or
gonadotropins, particularly when present at abnormal levels during and after menopause, as probable
risk factors of OC. Understanding the role of hormones in ovarian carcinogenesis is of utmost
importance to combat this deadly disease.

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer

Ovarian carcinoma has the worst prognosis of any gynecological malignancy, due to the
difficulty of early detection, the high metastatic potential of the tumor and the lack of highly effective
treatment for metastatic disease. We have shown previously that lysophosphatidic acid (LPA) may
represent a useful marker for the detection of ovarian cancer (5). The method used for LPA
determination was a gas chromatographic method, which is cumbersome to perform. We have proposed
to develop a mass spectrometry-based method to detect lysophospholipids in human body fluids (Task
1). This method will then be used to analyze lysolipids in blood samples collected from patients with
ovarian cancer, other diseases, or healthy controls to determine whether one or more of these lipids may
be useful for the detection of ovarian cancer (Task 1). In Task 2, we hypothesize that elevated levels of
LPA in blood and ascites from patients with ovarian cancer are due to an abnormality of LPA
production and/or degradation. We propose to study the enzymes controlling levels of LPA in ovarian
cancer cells and/or body fluids from patients with ovarian cancer. If an abnormal enzymatic activity
associated with ovarian cancer is identified, it may represent a target for early intervention, since LPA is
likely to be involved in ovarian tumor cell growth, angiogenesis, and metastasis (reviewed in ref 6).
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BODY

Project 1: Early genetic changes in human epithelial ovarian tumors

Task 1. Tissue collection, processing and microdissection (months 1-36): A total of 48 stage I epithelial
ovarian carcinomas have been collected. Tissue collection will be continued in month 24-36.

Task 2. To perform loss of heterozygosity (LOH) studies on specific loci on chromosome lp, 3p, 5q, 6q,
7q, 9p, lip, 1 lq, 12p, 12q, 14q, 17p, 17q, 22q and Xq in microscopic stage I serous ovarian carcinomas
by polymerase chain reaction (PCR) analysis of tandem repeat polymorphisms (months 1-36).

a). Tissue sectioning, and DNA extraction (months 1-12): Tissue sectioning, microdissection, and DNA
extraction have been completed.

b). LOH study (months 3-36): also see attached manuscripts in appendix

1. Wang VW, Bell DA, Berkowitz RS, Mok SC: Whole genome amplification and high-throughput
allelotyping identified five distinct deletion regions on chromosome 5 and 6 in microdissected
early stage ovarian tumors. Cancer Res. 2001:4169-4174.

2. Wang VW, Bell DA, Chung TKH, Wong YF, Hasselblattl K, Minna JD, Schorge JO, Berkowitz
RS, Mok SC: Molecular profiling of stage I epithelial ovarian carcinomas by high throughput
allelotyping. Submitted.

Using a high-throughput PCR-based method combined with laser capture microdissection and
whole genome amplification techniques, we perform allelotyping on DNA isolated from 48 stage I
sporadic epithelial ovarian cancer including 15 serous, 9 mucinous, 12 endometrioid, and 12 clear cell
carcinomas. Among them, four are microscopically detected tumors (Fig. la & b). A total of 20
fluorescent-labeled microsatellite markers spanning chromosome 5 and 6, and 27 markers spanning
chromosome 17 were used. The percentage of loss of heterozygosity (LOH) for each marker and the
fractional allelic loss (FAL) for each sample were calculated and compared among different histological
types. High frequencies of loss on chromosome 5 were identified at loci D5S428 (48%), D5S424
(32%), and D5S630 (32%). Chromosome 6 exhibited high frequencies of LOH at loci D6S1574 (46%),
D6S287 (42%), D6S441 (45%), D6S264 (60%) and D6S281 (35%). These results suggest that multiple
tumor suppressor genes are located on 5 distinct regions on chromosomes 5 and 6, i.e., 5p15.2, 5q13-21,
6p24-25, 6q21-23 and 6q25.1-27, and may be involved in the early development of ovarian carcinomas.
However, there were no significant difference in LOH frequencies among tumors with different sizes,
grades, and histological subtypes.
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Figure 1. (a) Representative example of LCM of a microscopially identified endometrioid tumors (p<O.O1); and grade 3 serous
high grade serous adenocarcinoma. (b). Allelotyping patterns on and endometrioid tumors showed significantly
chromosome 17 in a stage I serous ovarian adenocarcinoma. Shown in this
figure are representative electropherogram traces on four loci examined. hgher FAL rate than both mucinous and clear cell
The top panel depicts the peaks for each of the four loci in the stromal tissue types (p<0.01). Among the microscopic tumors,
from the same tumor. The bottom panel from left to right shows loss of

heterozygosity (LO-1), retention of heterozygosity, (HET), uninformative both grade 3 serous (case 99N51) and endometrioid
(NI), and microsatellite instability (MIS). (case774) adenocarcinomas showed significantly

higher FAL than the grade 1 serous (case 3317) (p<0.0001) and the grade 2 serous (case 7024) (p<0.02)
adenocarcinomas (Fig. 2). Significant difference in FAL between the microscopically detected carcinomas
and other stage I invasive ovarian carcinomas with the same grade was not detected.
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Figure 2. Detailed deletion map of stage I epithelial ovarian tumors. Cases are grouped under different histological types and pathological
grades. Microsatellite markers used and the genetic linkage map are shown on the left. Chromosomal localizations of the markers are
shown on the right. LOH (Loss of heterozygosity), red box; HET (heterozygous with no loss), green box; NI (homozygous), gray box;
MSI (microsatellite instability) with both alleles retained, hatched green box; MSI with loss of one allele, hatched red box; MSI with
homozygous, hatched blue box; not test, white box. S, serous; M, mucinous; E, endometrioid; C, clear cell.
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Task 3. To study specific proto-oncogene activation and tumor suppressor gene inactivation in
microscopic stage I ovarian carcinomas by single strand conformation polymorphism (SSCP)
analysis, direct PCR sequencing and immunohistochemistry (months 1-30).
Tissue sectioning (months 1-12)
SSCP analysis and direct PCR sequencing (months 6-24)
Immunostaining of sections (months 18-30) (also see attached manuscript in appendix)

Wang VW, Bell DA, Berkowitz RS, Mok SC: TP53 is involved in the development of de novo high
grade serous ovarian carcinomas. Submitted

Seven microscopically detected stage I ovarian carcinomas were identified. LCM was used to
procure tumor cells from tissue sections. DNA was isolated and amplified with primer sets flanking
exons 2-11 of the TP53 gene. Amplified DNA was purified and direct PCR sequencing was performed
using the ABI PRISM® BigDye Terminator Cycle Sequencing system (Applied Biosystem, foster City,
CA) and the ABI PRISM 310 Genetic Analyzer. Immunolocalization of the p53 protein was also
performed on the same cases. The results showed that TP53 mutations and p53 over-expression were
detected in all grade 2 and 3 serous adenocarcinomas but not in the two grade 1 serous adenocarcinomas
(case V1834 and 3317), and the grade 3 clear cell adenocarcinoma (case S3854) (Fig. 3, Table 1).

IG T A C AG T C C C G (A IGC G C Table I. Mutation and toss of heterozygositly of the TP53 gene and expression of the p53 protein in
70 N 3 40 microscopically detected stage I ovarian tumors

Histological Loss of Immuno- Exon-mutated Nucleotide Amino acid

Case No. Grade type Size heterozygosity reactivity stage (codon) change change

3317 1 serous a L negative

97-7024 2 serous 8mm L positive 7 (241) TCCIoTTC Set to Phe

ITG T A Ok , 1 TTC TGCA TGG G C 99N51 3 serous 2mm L positive 6 (214) CATIoCGT HistoArg

7024T 774 3 endometrioid 2mm L positive 9 (310) AAC to ACC Asn to Thr

S3854 3 clear cell 2mm NIL negative .-

M IA4613 3 serouis 6mm L positive 9 (310) AAC to ACC Ash to Thr

" V1834 1 serOus a NL negative

Fig. 3. Electropherogram traces showing a. several tiny lo too smnwl to measure; L, ba ol heterozytolly; NL, no ls

TP53 exon 7 sequences in normal (7024N)
and tumor tissues (7024T). Arrow
indicates a nucleotide change from C to T
in the tumor tissue.

Task 4. To identify differentially expressed genes in microdissected normal ovarian surface epithelial
cells and Stage I ovarian carcinoma cells by RNA fingerprinting technique (months 12-36).

Perform RNA fingerprinting (months 12-24)
Characterize differentially expressed sequences (months 16-30) (see attached manuscripts)

1. Kwong-kwok Wong, Cheng RS, Mok SC: Identification of differentially expressed genes from
ovarian cancer cells by MICROMAX cDNA microarray system. Biotechnique 2001,30:670-675.

2. Mok SC, Chao J, Skates S, Wong KK, Yiu GK, Muto MG, Berkowitz RS, Cramer DW: Prostasin, a
potential serum marker for ovarian cancer, identified through microarray technology. J Natl Cancer
Inst, 2001, 93: in press.
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3. Kim JH, Herlyn D, Wong KK, Yiu GK, Schorge JO, Lu KH, Berkowitz RS, Mok SC: Ep-CAM
autoantibody is a potential serum marker for epithelial ovarian cancer. Submitted.

Using a higher throughput microarray analysis to identify differential expressed genes in early
stage ovarian cancer, we have identify a total of 30 putative genes, which are differentially over-
expressed in ovarian cancer cells. Two of them, prostasin and Ep-CAM have been validated and further
characterized. Prostasin is a serine proteinase normally secreted by the prostate gland. Over-expression
of prostasin in ovarian cancer tissues and cell lines was confirmed by real-time PCR and
immunostaining. An enzyme linked immunosorbant assay was developed to quantify the amount of
prostain in serum samples. The mean (and 95% confidence interval on the mean) serum level of
prostasin in ovarian cancer cases was 13.7 (10.5, 16.9) jig/ml compared to 7.5 (6.8, 8.3) [tg/ml in 137
controls subjects (p<0.001, after adjustment for age and specimen source). In 16 case patients with both
pre-operative and postoperative serum samples available, postoperative prostasin levels were
statistically significantly lower than pre-operative levels (p<0.02). No significant correlation was
observed between prostasin and CA-125 in 37 case patients with nonmucinous ovarian cancer and 100
control subjects suggesting that CA-125 may provide complementary information.

Ep-CAM is an epithelial cell adhesion molecule. Microarray analysis showed that this gene
exhibited a cancer-to-HOSE ratio of 444. Real time quantitative PCR analysis revealed significant
overexpression of Ep-CAM mRNA in cancer cell lines (P<0.001) and microdissected cancer tissues
(p=0.035), compared to that in cultured normal HOSE and microdissected germinal epithelium,
respectively. Immuno-histochemical staining of paraffin block sections revealed that Ep-CAM
expression was absent in stromal areas of normal ovaries or those with benign disease or cancer. In
contrast, a gradient of expression was found in the germinal epithelium with ovaries from women with
borderline or invasive cancer displaying the greatest level of expression, normal ovaries the least, and
ovaries from women with benign tumors intermediate expression (p<0.05). No significant differences in
Ep-CAM immuno-histochemical staining were observed among ovarian cancer samples with different
histologic types, and grades. Early stage tumors showed significantly stronger staining than late stage
tumors. Because Ep-CAM auto-antibody levels have been shown to be elevated in other cancers, such
as colon, we examined levels of auto-antibody against Ep-CAM in patients with epithelial ovarian
cancer and controls by enzyme-linked immunosorbent assay (ELISA). Ep-CAM auto-antibody levels
(measured in units of absorbance at 450nm) were: 0.132 in 52 patients with ovarian cancer, 0.098 in 26
cases with benign gynecologic disease, and 0.090 in 26 normal women (p<0.05). When a cut-off value
of 0.115 was used, the Ep-CAM auto-antibody assay showed a sensitivity of 71.2% and a specificity of
80.8% whereas the sensitivity and specificity of CA 125 measured in 52% of the same subjects were
84.6% and 88.5% with a CA 125 cut-off of 35U/ml. However, the Ep-CAM auto-antibody assay may be
complementary to CA125, as indicated by low correlation coefficient and the fact that combining the
test with CA 125 increased the sensitivity to 94.2% and specificity to 100.0%. This investigation has
demonstrated the potential value of cDNA microarray analysis in identifying overexpressed genes in
ovarian cancer, and suggests that the Ep-CAM auto-antibody may offer a biomarker for ovarian cancer
with clinical usefulness.

Project 2: A Potential Serum Marker for Ovarian Cancer

Task 1: Investigation of expression of protease M in clinical samples:

1. Collection of samples: months 1 - 30

9



Samples are continuously collected by Dr. Samuel Mok and his associates.

2. Gene expression study: months 6 - 36

Table 2 summaries the updated expression data of protease M in ovarian tumor tissues according
to different stages of the disease. For the RNA analysis, we have applied real-time quantitative RT-PCR
to analyze the expression of protease M in ovarian tumors in comparison with the levels in normal
ovarian epithelial primary cultures. Most of the tested tumor RNAs expressed high levels of protease M
transcript. Furthermore, many of the early stage and low grade tumor samples showed up-regulation of
protease M expression, suggesting that high levels of protease M expression also occur in stage I tumors,
especially for invasive epithelial ovarian cancers. Up-regulation of protease M may be an early event
during ovarian carcinogenesis. Since our polyclonal antibody does not work for immunohistochemistry,
we could only determine the protein expression in a few samples by Western blot analysis. We are now
in the process of developing monoclonal antibodies specific to protease M. One goal of this
development is to obtain good antibody for detecting protease M in archival tissues by
immunohistochemical staining.

INVASIVE BORDERLINE

RNA PROTEIN RNA PROTEIN

Stage 1 8/9 (89%) 4/6 (67%) 3/4 (75%) 0/1 (0%)

Stage 2 4/7 (57%) 0/1 (0%) 5/6 (83%) 2/2 (100%)

Stage 3 29/33 (88%) 10/18 (56%) 2/2 (100%) N.D.

Stage 4 7/7 (100%) 1/1 (100%) N.D. N.D.
Table 2. Protease M expression in different stages of epithelial ovarian tumors.
Percentage of cases that show protease M RNA and/or protein expression are tabulated according to disease stages.
N.D. = not determined.

Task 2: Substrate screening:

1. Enzymatic assays for protease M and other proteases: months 8 - 16

We have to produce recombinant protease M protein for the enzymatic assays. The COS 7 cells
we obtained have been confirmed later that they did not express protease M. We have tried many times
of expressing the gene in different cell types without success. Sequencing of the cDNA did not reveal
any mutation. The latest strategy was cloning the cDNA together with 5'-noncoding region.
Unfortunately the resulting cell lines after transfection were still not producing the recombinant protein.
We are now trying to use the TNT® coupled in vitro transcription/translation system (Promega) to
confirm that our cDNA is workable and start from there.
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We have for the generation of monoclonal antibody purpose produced and purified a prokaryotic
protease M recombinant protein in fusion with maltose-binding protein (MBP), which is soluble in
native reaction buffer (Fig. 3A). Preliminary enzymatic analysis using an EnzChekT Protease Assay Kit
(Molecular Probes) has shown that the protease M fusion protein possesses measurable proteolytic
activity (Fig. 3C). But the enzymatic activity may be too low for accurate comparison with other
proteases, probably due to the hindrance of the nonactive fusion part. Another approach is the
development of a prokaryotic recombinant protein with minimal fusion counterpart.

A. B. C.

1 2 1 2 15

85 -

10-
• >1

S---0--- MBP-PM

S-Li - , - MBP

42 5 L

-- - -- - -- - - -- - -- -- ---
31tttI

0

Concentration

Fig. 3. Production of the maltose-binding protein (MBP)-protease M fusion protein and the proteolytic assay.
A. Coomassie blue staining of the gel. Lane 1: the purified fusion protein; lane 2: The fusion after Factor Xa digestion.

Molecular weight markers are shown on the left. The MBP-Protease M fusion protein is indicated by an arrow,
whereas the protease M protein released after Factor Xa cleavage is indicated by an arrowhead.

B. Western blot analysis using the protease M-directed polyclonal antibody.
C. Proteolytic assay using an EnzChekTm Protease Assay Kit (Molecular Probes). Proteolytic activity of MBP-protease

M fusion protein released the highly fluorescent BODIPY FL dye-labeled peptides. The fluorescence was
quantified by a Gemini spectrofluorometer. The plot shown is Activity (arbitrary fluorescence units) versus
concentration of the proteins (gg).

2. Enzymatic assays in the presence of protease inhibitors: months 16 - 20

We cannot attempt this without resolving the bottleneck of producing enough recombinant protein. We
will hasten the production process to finish this work before the end of this grant.

3. Cyclic peptide library screening: months 14 - 24

Same as above.

4. Confirmation of the optimal peptide motifs by enzymatic assays: months 25 - 30

Not started yet.

Task 3: Detection of protease M in patient blood:
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1. Collection of samples and storage: months 1 - 24

Samples are continuously collected by Drs. Samuel Mok and Dan Cramer.

2. Development of detection methods: months 6 - 24

We have developed a prokaryotic protease M fusion protein as mentioned above (Figure 3). We
have sent the fusion protein to the company Green Mountain Antibody for immunizing the mice.
However, there were very few (about 100) hybrid clones obtained after the fusion of splenocytes with
the immortalized myeloma line SN1. Screening of the hybrid clones by ELISA just showed that they
produced antibodies either directed only to the maltose-binding protein counterpart or to nothing. The
failure of detecting any protease M-directed clones might be due to the dominant effect of the maltose
binding protein counterpart to the murine immune system. We have since then changed the strategy by
using more immunogen for the immunization and using Factor Xa-released protease M in the boosting
of mice. We will test the titer of the antiserum very soon and hope that we will obtain positive clones
this time.

3. Assays on the blood samples: months 25 - 30

Not started yet.

4. Data analysis: months 31 - 36

Not started yet.

Project 3: Hormones as etiological factors of ovarian carcinogenesis

The first objective is to determine the efficacies of selected estrogens, to achieve this the HOSE
cells will be treated with increasing concentrations of estrogen for five days. The cell proliferation will
be measured by MTT assay. To study the synergistic effect of FSH and estrogens cells will be cultured
in the absence or presence of FSH and HOSE cell proliferation will be studied. To ascertain whether
their mitogenicities are mediated via estrogen receptors receptor blocker will be used.

The second objective is to determine whether the 3 selected estrogens have direct oncogenic
potentials and if they could be enhanced by FSH and blocked by the antiestrogen, ICI 182, 780. The
HOSE cells will be plated and exposed to different doses of estrogen for two weeks. Soft agar assay will
be used to study the transformation potential of estrogens. In a parallel experiment FSH will be added
along with estrogen to study the synergistic effect on cell transformation.

The third objective is to pick up a hormonal milieu that will produce the highest frequency of in
vitro transformation. To ascertain whether progesterone and DHEA exert anti-tumorigenic action by
blocking the estrogen and/or FSH-induced neoplastic transformation of HOSE cells, in vitro
transformation assay will be used to assay the ability of progesterone and DHEA in inhibiting the
estrogen-gonadotropin-induced transformation of HOSE cells.

Results:
Estradiol stimulated cell proliferation is inhibited by antiestrogen: When increasing concentrations
(10-1-10-6 M) of estrone (El) or estradiol (E2) were added to primary HOSE 639, HOSE 770, HOSE
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783, HOSE 785, and immortalized normal HOSE 642, HOSE 301, HOSE 306, HOSE 12-12, in culture,
a dose dependent rise in cell proliferation was observed. About ten to fourteen fold increase was noted
by 10-6 M El or E2 in HOSE 639, HOSE 770, HOSE 783, HOSE 785 cell lines compared to six fold
increase in normal immortalized lines HOSE 642, HOSE 301, HOSE 306 and HOSE 12-12 cell lines.
El and E2 were equally effective in causing cell proliferation in all cell lines except HOSE 12-12 cell
line where El showed a significant enhancement of cell proliferation compared to E2. Cell lines cultured
with FSH and estradiol showed significant cell growth but no additive effect was seen in any cell line
tested. The ICI considered as pure antiestrogen, functions specifically by binding to and inactivating the
estrogen receptor. When primary and immortalized HOSE cells were incubated with 10' M E2 A
marked enhancement of cell proliferation was seen in all the cell lines with E2 and when cells were
cuultured with E2 and two doses (10-5 and 10-4 M) of ICI for 5 days, addition of ICI to cultures along
with E2 markedly attenuated cell proliferation.

FSH and estrogen combination enhance colony formation of HOSE cells.- The first criterion used to
select transformed HOSE cells following exposure to estrogen is their ability to proliferate on soft agar.
We have established a standard protocol to test the carcinogenicity of hormones on HOSE cells. Briefly,
HOSE cells were plated at low density in 24-well plates and exposed to different doses of either
estrogen (DES), FSH or combination of both FSH and DES for 14 days. After treatments, cells were
removed from the 24-well plates with trypsin and replated in 6-well plates for expansion of potential
transformants. Once the cell cultures reached confluence in 6-well plates they are removed and
subjected to soft-agar growth selection (Freshney, 1994).. After two-four weeks of soft agar selection,
individual clones proliferating on soft agar plates were removed, expanded, and stored for further
investigations.

Using this protocol, we discovered that HOSE cells,
exposed continuously to diethylstilbestrol (DES), a potent Hormones FSH DES FSH+DES

synthetic estrogen, at concentrations between 10-9 to 10' M for #of 4-6 1 3-5 8.10

14 days, had acquired ability to grow on soft agar (Table 1).
Approximately 4-6, 3-5 and 8-10 colonies were found in a Table 3. Number of colonies obtained by treatment of

total of 104 FSH treated, DES treated and FSH+DES HOSE Cells with different hormones.

treated cells plated on soft agar respectively. Untreated
HOSE cells did not form any soft-agar colonies suggesting
little or no spontaneous transformation activity. At present, the
FSH+DES-induced colonies derived from these preliminary
experiments are under passaging to establish stable lines.

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer

Work accomplished as proposed in Task 1:

We have completed work proposed in items a, d, e, f, and g in Task 1. We have collected ascites
samples (Task 1, item a) and developed an electrospray ionization mass spectrometry (ESI-MS)-based
method for analyzing all lysophospholipids in ascites and in plasma (Task 1, item d, e, f, and g). The
work accomplished is published in Anal Biochem (Ref 7; in Appendices). We have optimized
conditions to extract lipids from human body fluids and established standard curves to measure each of
the lysolipids quantitatively. None of the previous lipid analytical methods, including gas-
chromatographic-based, and HLPC-based methods, can analyze many lysophospholipids simultaneously
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and quantitatively. The method that we developed is highly effective, reproducible, sensitive, and
quantitative.

We have previously shown that lysophosphatidic acid (LPA) is present in ascites and elevated in
plasma from patients with ovarian cancer (1). Using the ESI-MS based method developed, we
compared lysophospholipid contents isolated in ascitic fluids from patients with ovarian cancer to those
from patients with non-malignant diseases. Ascites from ovarian cancer patients contained acyl-, alkyl-,
and alkenyl-LPAs, lysophosphatidylinositols (LPIs) and lysophophatidylcholines (LPCs). In addition,
we detected both sphingosine-l-phosphate (SIP) and sphingosylphosphorylcholine (SPC) in ascites
from patients with ovarian cancer. Overall, ascitic fluids from patients with ovarian cancer contain
significantly higher levels of lysophospholipids than those from patients with non-malignant diseases
(Ref 7; in Appendices). We have previously shown that LPA stimulates tumor cell proliferation. The
high levels of bioactive lipids may play important roles in tumor development and metastasis.
Furthermore, these lipids may represent useful diagnostic, prognostic markers and/or novel therapeutic
target(s) of ovarian cancer.

The work proposed in items b, c, h, and i in Task 1 has been partially accomplished. We have
analyzed lysophospholipid contents in a total of 155 plasma samples, including 15 healthy controls, 24
patients with ovarian cancer, 32 patients with other malignancies, 65 patients with benign gynecological
diseases, and 19 patients with family history of ovarian and/or breast cancers. We are in the process of
analyzing all data statistically. Fig. 4 (in the appendices) shows that levels of LPA, LPI, and SPC were
significantly (P < 0.05) elevated in ovarian cancer patients, compared with healthy controls. In contrast,
levels of other lipids tested, including LPC and lyso-PAF, were not significantly different in plasma
from patients with ovarian cancer and healthy controls. We are in the process of analyzing whether
combined measurements of LPA, LPI, and SPC would increase sensitivity and/or specificity of the test.

Work accomplished as proposed in Task 2:

We have proposed to develop a strategy for the early intervention of ovarian cancer through
controlling LPA levels. We hypothesize that ovarian cancer cells may be defective in LPA degradation
and/or possess the ability to produce abnormally high levels of LPA. Indeed, we have found a
lysophospholipase D (LysoPLD) activity in ovarian cancer ascites, but not in ascites from patients with
non-malignant diseases (Fig. 5, below). This activity is sensitive to EDTA and EGTA treatment,
suggesting that calcium ions are required for the enzymatic activity.

LPA Production in Ascites
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LPC Reduction in Ascites
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Fig. 5. Ascites samples from patients with ovarian cancer (035, 036, and 037) and non-
malignant diseases (N30 and N35) were incubated at 37°C for times as indicated. LPA and
LPC levels were analyzed as described in Ref. 3 (in appendices)

We have performed functional analyses of alkyl- and alkenyl-LPA (al-LPAs) in ovarian cancer
cells, and found that they are elevated and stable in ovarian cancer ascites, which represents an in vivo
environment for ovarian cancer cells. They stimulated DNA synthesis and proliferation of ovarian
cancer cells. In addition, they induced cell migration and the secretion of a pro-angiogenic factor,
interleukin-8 (IL-8), in ovarian cancer cells. The latter two processes are potentially related to tumor
metastasis and angiogenesis, respectively. Al-LPAs induced diverse signaling pathways in ovarian
cancer cells. Their mitogenic activity depended on the activation of the Gil. protein,
phosphatidylinositol-3 kinase (P13K), and mitogen-activated protein (MAP) kinase kinase (MEK), but
not p38 MAP kinase. The S473 phosphorylation of Akt by these lipids required activation of the Gil.
protein, P13K, MEK, p38 MAP kinase, and Rho. On the other hand, cell migration induced by al-LPAs
depended on activities of the Gi, protein, P13K, and Rho, but not MEK. These data strongly suggest that
al-LPAs may play important roles in ovarian cancer development and therefore may represent novel
targets for tumor intervention as we proposed in Task 2. A manuscript describing these works is
enclosed in the appendices.

We have shown that SPC enhances production of the proangiogenic factor, interleukin-8 (IL-8)
(8). LPC may be involved in regulating DNA synthesis and proliferation (our unpublished results).
Therefore, these lipids may be useful targets for therapy. While receptors for LPA have been identified
in the past few years, the receptors for SPC and LPC were unknown previously. We have recently
identified receptors for SPC and LPC (9-11; reprints in the appendices).

KEY RESEARCH ACCOMPLISHMENTS
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Project 1: Early genetic changes in human epithelial ovarian tumors
* Six manuscripts have either been published or submitted.
"* Techniques including microdissection, whole genome amplification, high throughput allelotyping,

and signal amplification system for microarray analysis have been established.
"* Two potential serum markers which may be used for early detection of ovarian cancer have been

identified.

Project 2: A Potential Serum Marker for Ovarian Cancer
"* Gene expression analysis of the tumor samples has demonstrated that protease M is highly

expressed in ovarian tumors of various stages and subtypes but not in the normal ovarian epithelial
cells.

"* Protease M fusion proteins have been made. Different strategies will be tried to produce
monoclonal antibodies specific to protease M.

Project 3: Hormones as etiological factors of ovarian carcinogenesis
"* One abstract and one manuscript have been published
"* An in vitro system has been established to evaluate the effect of hormones on the growth of ovarian

surface epithelial cells.

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer
"* Developed a highly sensitive and reproducible electrospray mass spectrometry-based method to

analyze lysophospholipids quantitatively.
"* Detected for the first time alkyl-LPA and alkenyl-LPA in human body fluids, including plasma and

ascites.
"* Higher concentrations of bioactive lysophospholipids, including alkyl-, alkenyl-, acyl-LPAs,

lysophosphatidylinositol (LPI), lysophosphatidylcholine (LPC), and sphingosylphosphorylcholine
(SPC), are present in ascites from patients with ovarian cancer, compared to patients with non-
malignant diseases. These lipid molecules 1) may represent useful diagnostic and/or prognostic
markers for ovarian cancer; 2) may be useful in clinical management; and 3) may be novel
therapeutic targets.

"* After analyses of lysophospholipids in plasma samples from patients with ovarian cancer and
healthy controls using the ESI-MS method, we confirmed our previous results that LPA levels are
elevated in patients with ovarian cancer. In addition, we have found that both LPI and SPC levels
were also elevated in plasma from ovarian cancer patients. The clinical significance of these
findings are under investigation.

* Identified the first high affinity receptors for SPC and LPC
* Detected a lysoPLD activity in ascites from patients with ovarian cancer, but not from patients with

non-malignant diseases. This activity may play a critical role in controlling LPA levels in vivo.

REPORTABLE OUTCOMES

Project 1: Early genetic changes in human epithelial ovarian tumors

Manuscript:
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1. Wang VW, Bell DA, Berkowitz RS, Mok SC: Whole genome amplification and high-throughput
allelotyping identified five distinct deletion regions on chromosome 5 and 6 in microdissected early
stage ovarian tumors. Cancer Res. 2001,61:4169-4174.

2. Kwong-kwok Wong, Cheng RS, Mok SC: Identification of differentially expressed genes from
ovarian cancer cells by MICROMAX cDNA microarray system. Biotechnique 2001,30:670-675.

3. Mok SC, Chao J, Skates S, Wong KK, Yiu GK, Muto MG, Berkowitz RS, Cramer DW: Prostasin,
a potential serum marker for ovarian cancer, identified through microarray technology. J Natl
Cancer Inst, 2001, 93: in press.

4. Wang VW, Bell DA, Chung TKH, Wong YF, Hasselblattl K, Minna JD, Schorge JO, Berkowitz
RS, Mok SC: Molecular profiling of stage I epithelial ovarian carcinomas by high throughput
allelotyping. Submitted.

5. Kim JH, Herlyn D, Wong KK, Yiu GK, Schorge JO, Lu KH, Berkowitz RS, Mok SC: Ep-CAM
autoantibody is a potential serum marker for epithelial ovarian cancer. Submitted.

6. Wang VW, Bell DA, Berkowitz RS, Mok SC: TP53 is involved in the development of de novo
high grade serous ovarian carcinomas. Submitted.

Abstract:
1. Garner EIO, Leung SM, Berkowitz RS, Muto MG, Cramer DW, Mok SC: Protein profiling of

epithelial ovarian tumors by surface enhanced laser desorption/ionization mass spectrometry
(SELDI) analysis. (SGO 32nd Annual Meeting, Nashville, TE, March 3-7, 2001).

2. Gibson HE, Wong KK, Yiu GK, Muto MG, Berkowitz RS, Cramer DW, Mok SC: Clinical
applications of microarray technology. Creatine kinase B is an upregulated gene in epithelial
ovarian cancer and shows promise as a serum marker. (SGO 3 2 "n Annual Meeting, Nashville, TE,
March 3-7, 2001).

3. Kim JH, Herlyn D, Wong KK, Yiu GK, Schorge JO, Lu KH, Berkowitz RS, Mok SC: Ep-CAM
autoantibody is a potential serum marker for epithelial ovarian cancer. (AACR 9 2 "d Annual
Meeting, New Orlean, LA, March 24-28, 2001).

4. Wang VW, Bell DA, Berkowitz RS, Mok SC: Whole genome amplification and high-throughput
allelotyping identified five distinct deletion regions on chromosome 5 and 6 in microdissected early
stage ovarian tumors. (AACR 92nd Annual Meeting, New Orlean, LA, March 24-28, 2001).

5. Mok SC, Chao J, Skates S, Wong KK, Yiu GK, Muto MG, Berkowitz RS, Cramer DW: Prostasin,
a potential serum marker for ovarian cancer, identified through microarray technology. (AACR 9 2nd

Annual Meeting, New Orlean, LA, March 24-28, 2001)

Funding applied for based on the work supported by this award:
"Prostasin, a potential serum marker for ovarian cancer" (4/1/02-3/30/07)
Principal Investigator: Samuel C. Mok
Agent: NIH
Type: RO1 ($3,798,254)

To evaluate the potential in using prostasin as a marker for early detection of ovarian cancer

Project 2: A Potential Serum Marker for Ovarian Cancer
None

Project 3: Hormones as etiological factors of ovarian carcinogenesis

Manuscript:

17



1. Syed V, Ulinski G, Mok SC, Yiu GK, Ho SM: Expression of gonadotropin receptor and growth
responses to key reproductive hormones in normal and malignant human ovarian surface epithelial
cells. Cancer Res 2001, 61:6768-6776.

Abstract:
1. Syed V, Mok SC, Ho SM: Hormonal regulation of human ovarian surface epithelial (HOSE) cells.

Endocrinology Meeting, June, 2000, Toronto, Canada.

Project 4: Development of a highly sensitive and specific method for the early detection and a
strategy for the early intervention of ovarian cancer

Manuscripts:
1. Xiao Y, Schwartz B, Washington M, Kennedy A, Webster K, Belinson J. and Xu Y. Electrospray

Ionization Mass Spectrometry Analysis of Lysophospholipids in Human Ascitic Fluids: Comparison
of the Lysophospholipid Contents in Malignant vs. Non-malignant Ascitic Fluids. Anal Biochem.
290, 302-313, 2001

2. Xu Y, Xiao Y, Baudhuin LM, Schwartz BM. The role and clinical applications of bioactive
lysolipids in ovarian cancer. J. Soc. Gyn. Invest 8,1-13, 2001.

3. Kabarowski JHS, Zhu K, Le LQ, Witte ON, Xu Y. Lysophosphatidylcholine as a Ligand for the
Immunoregulatory Receptor G2A. Science 293, 702-705 2001

4. Zhu, K., Baudhuin, L., Hong, G. Williams, F.S., Cristina, K.L., Kabarowski, J.H.S., Witte, O.N. and
Xu, Y Sphingosylphosphorylcholine and lysophosphatidylcholine are ligands for the G protein
coupled receptor, GPR4. J. Biol. Chem. In press.

5. Lu J, Baudhuin LM, Hong G, and Xu, Y. Role and Signaling Pathways of Ether-linked
Lysophosphatidic Acids in Ovarian Cancer Cells. Submitted.

Abstract:
1. Lu J, Xiao Y and Xu Y. Roles of Ether-linked Lysophosphatidic Acid in Ovarian Cancer Cells.

FASEB Summer Research Conference-Lysophospholipids and Related Bioactive Lipids in Biology
& Diseases. Tucson, AZ (6/10/01).

2. Zhu K. and Xu Y. Identification of the first two high affinity receptors for
Sphingosylphosphorylcholine (SPC) and the first receptor for Lysophosphatidylcholine (LPC) (2001
ASBMB meeting; 3/31-4/4/01, Orlando, FA).

3. Xiao Y, Song, L, Schwartz B Washington M, Kennedy A, Webster K, Belinson J, and Xu Y. Alkyl
and Alkenyl Lysophosphatidic Acid are elevated in peritoneal washings of patients with early and
late stage ovarian Cancer (2001 ASBMB meeting; 3/31-4/4/01, Orlando, FL)

4. Xiao Y, Schwartz B, Washington M, Kennedy A, Webster K, Belinson J. and Xu Y. Electrospray
Ionization Mass Spectrometry Analysis of Lysophospholipids in Human Ascitic Fluids: Comparison
of the Lysophospholipid Contents in Malignant vs. Non-malignant Ascitic Fluids (2000 CCF
Retreat, 9/10/00; Research Day, 10/15/00).

5. Zhu K, Baudhuin LM, Hong G, Xu Y. Sphingosylphosphorylcholine (SPC) and
lysophosphatidylcholine (LPC) are ligands for GRP4 (2000 CCF Retreat, 9/10/00; Research Day,
10/15/00).

6. Lu J, Zhu K, Xu Y. Biological Effects of Alkyl- and Alkenyl-lysophosphatidic Acids in Ovarian
Cancer Cells (2000 CCF Retreat, 9/10/00).

Presentation:
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1 "Role of lysophospholipids in ovarian cancer", an invited talk at Ceretek LLC (8/3/01; Alameda,
CA)

2 "Bioactive lysophospholipids in cancers", an invited talk at the Renal Cell Carcinoma SPORE
Committee meeting (7/12/01; The Cleveland Clinic Foundation)

3 "Bioactive lysophospholipids in cancers", an invited talk at the Special Symposium: finding a cure
to glioblastoma (6/23-6/24/01, The Cleveland Clinic Foundation)

4 "G protein coupled receptors for SPC and LPC", an invited talk at 2001 FASEB Summer Research
Conference-Lysophospholipids and Related Bioactive Lipids in Biology & Diseases. (Tucson, AZ,
6/10/01)

5 "The potential clinical applications of lysolipids", an invited talk at Pacific Ovarian Cancer Research
Consortium (POCRC) Scientific Seminar (4/17/01, Seattle, WA)

6 "Lysolipids and their receptors", an invited talk at the Department of Anesthesiology at the
Cleveland Clinic Foundation (1/30/01)

7 "OGRI and GPR4 are receptors for SPC and LPC", an invited talk at the Howard Hughes Medical
Institute, UCLA (10/12/00).

8 "Bioactive lipids and their receptors in ovarian cancer", an invited talk at University of Virginia,
Charlottesville, Sept. 6, 2000)

Funding applied for based on the work supported by this award:
"The Clinical Implication of Lysophosphatidic Acid" (6/1/01-5/31/02)
Principal Investigator: Yan Xu
Agent: Pacific Ovarian Cancer Research Consortium
Type: subcontract ($58, 908)
Evaluate the clinical significance of LPA levels in peritoneal washings

CONCLUSIONS

Project 1: Early genetic changes in human epithelial ovarian tumors

High throughput allelotyping on stageI ovarian carcinomas showed that different histological
types and grades of sporadic stage I epithelial ovarian cancers have different allelic loss profiles. Allelic
loss on chromosome 17 is an early event in the pathogenesis of high grade serous and endometrioid
carcinomas. These data support the notion that ovarian cancer represents multiple diseases with different
pathogenetic pathways and therefore warrants to be studied separately. The identification of TP53
mutations and p53 protein over-expression in these microscopically detected high grade serous
carcinomas suggest that p53 alteration is an early event in the pathogenesis of high grade serous
adenocarcinomas and further suggest that high and low grade ovarian carcinomas may have different
pathogenetic pathways. Finally, using microarray analysis, we identified prostasin and Ep-CAM
autoantibody as potential serum markers for early detection of ovarian cancer. Characterization of other
candidate markers is on-going.

Project 2: A Potential Serum Marker for Ovarian Cancer

Analysis of the tumor samples has demonstrated that protease M is highly expressed in ovarian
tumors of various stages and subtypes but not in the normal ovarian epithelial cells. This is important for
the development of screening tools for early detection of ovarian cancer. Other objectives are being
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pursued to characterize the protease and to develop a sensitive and specific method for detection of

circulating protease in the sera of ovarian cancer patients.

Project 3: Hormones as etiological factors of ovarian carcinogenesis

All the cell lines responded equally well to E2 and El except HOSE 12-12 cell line, where El

was more effective than E2 in inducing cell proliferation. Furthermore, No synergism was observed

when cultures were challenged simultaneously with FSH and E2. Furthermore, treatment of HOSE cells

with FSH and estrogens enhance their colony formation potential on soft agar.

Project 4: Development of a highly sensitive and specific method for the early detection and a

strategy for the early intervention of ovarian cancer

We have made important accomplishments in developing a method of detecting, and a strategy

for, the early intervention of ovarian cancer. The newly developed ESI-MS-based method is highly

sensitive, reproducible, and quantitative. We confirmed that LPA levels are elevated in plasma from

patients with ovarian cancer using the MS-based method. Data analyses are in progress to determine the

specificity of the test. More clinical samples will be collected in the third year of the grant to further

assess the sensitivity and specificity of the test.

Using the MS method, we have found that a number of other lysophospholipids, including alkyl-

LPA, alkenyl-LPA, LPI, SPC, and LPC are also elevated in ascites from patients with ovarian cancer,
compared with ascites from patients with non-malignant diseases (3). The diagnostic, prognostic, and

clinic management signficance of these lipids is under investigation.

Importantly, we have recently identified the first receptors for SPC and LPC (5-7). These

discoveries provide an intriguing opportunity and a novel approach to study the roles of SPC and LPC in

ovarian cancer. In addition, we have found Lyso-PLD activity in ovarian cancer ascites. To target these

receptors and lyso-PLD as an early intervention strategy is under investigation.
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ABSTRACT

The TP53 gene is considered to be a tumor suppressor gene, and frequent

mutations of the gene have been found in a wide variety of human cancers. TP53 gene

alterations have been detected in most advanced stages of ovarian cancer. To evaluate the

involvement of TP53 gene in the development of early stage of ovarian carcinoma,

mutation and allelic loss of the TP53 gene and expression of the p53 protein were

investigated in microscopically identified de novo epithelial ovarian carcinomas.

Formalin-fixed, paraffin-embedded tumor tissues from 7 patients were examined. DNA

was isolated from microdissected tumor cells, whole genome amplification was then

performed using a primer-extension pre-amplification method. p53 protein expression

was detected with an anti-p53 antibody. TP53 gene mutations in exons 2-11 were

determined by direct DNA sequencing. Loss of heterozygosity TP53 at the locus was

studied using fluorescent-labeled microsatellite markers. Overall, three of the 7 cases (1

grade 2, and 2 grade 3 serous carcinomas) displayed p53 positive staining and TP53 gene

mutation. Missense mutations in exon 6 (CAT 214---CGT), exon 7 (TCC241-- TTC), and

exon 8 (CGT 273-->CCT) were identified in the three cases, respectively. LOH in the TP53

locus was also frequent with an average rate of 55%. Our findings indicate that alteration

of the p53 gene might be early genetic events in the development of ovarian cancer,

particularly in high grade serous ovarian carcinomas.
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INTRODUCTION

Ovarian carcinoma is the fifth commonest cancer in women and is the leading

cause of death among gynecologic cancers.1 It tends to present late in its clinical course,

with limited prospects for treatment and generally poor survival. However, if the disease

is diagnosed and treated at early stages, over 90% of ovarian cancer patients may survival

for 5 years or longer.'

In spite of all the genetic studies in ovarian cancer, the pathogenetic pathways of

ovarian cancer remain unclear. There is still a lack of information regarding the histologic

features of early carcinoma or its putative precursor lesions. Bell and Scully 2 identified

14 cases of early ovarian carcinoma detected as microscopic findings in grossly normal

ovaries and concluded that at least a subset of ovarian epithelial cancers develops de novo

from the ovarian surface epithelium or its inclusion cysts rather from the pre-existing

benign epithelial tumors or endometriosis. Genetic changes in these de novo carcinomas

remain largely unknown.

It is widely accepted that both activation of protooncogenes and inactivation of

tumor suppressor genes are involved in the genesis or progression of various types of

human cancers. It has been shown that the TP53 gene is located on chromosome 17pl3.1,

and that its mutations play an important role in the development of a wide variety of

human cancers.3 7 Furthermore, over-expression of the p53 protein has been shown to be

largely due to the presence of mutations in the evolutionarily conserved regions of the

gene that increase the stability of the protein.8 Ovarian cancer, like most human cancers,

is thought to be caused by the accumulation of mutations in multiple genes that are

3



important for normal cell functions. TP53 mutations, p53 protein expression and allelic

loss at the TP53 locus have been extensively studied in ovarian cancer.9 " However, these

changes have not been demonstrated in the early de novo ovarian carcinomas. Here, we

describe the use of laser capture microdissection and whole genome amplification

techniques to identify TP53 mutation and allelic loss in these microscopically identified

ovarian carcinomas.
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MATERIALS AND METHODS

Tissue specimens and microdissection

We examined 7 formalin-fixed, paraffin-embedded microscopicIly identified

stage I sporadic epithelial ovarian carcinoma specimens from our archives. The sections

stained with hematoxylin and eosin was reviewed and the diagnosis was confirmed. The

ovarian carcinomas studied here included 5 serous carcinomas, 1 endometrioid

carcinoma, and 1 clear cell carcinoma. The diameters of these microscopic tumors were

1-8 mm. For each tumor, 10-20 serial sections 5 ýtm were cut. They were deparffinized in

xylene, rehydrated in graded ethanols, and stained with hematoxylin and eosin.

Approximately 5,000 tumor and non-tumor stromal cells were microdissected using a

PixCell II Laser Capture Microdissection system (Arcturus Engineering, Mountain View,

CA). The dissected cells were collected into 50tl cell lysis buffer (1 x expand high

fidelity buffer from Boehringer Mannheim, Mannheim, Germany, containing 4 mg/ml

proteinase K, and 1% Tween 20) and incubated for 72 h at 55 'C. The proteinase K was

inactivated by heating at 95 'C for 10 min prior to PCR.

Whole genome amplification

Whole genome amplification was carried out by the modified primer extension

preamplification (PEP) method as described previously.'2 Briefly, 50 VId PEP PCR

reaction mixture consisted of 0.05 mg/ml gelatin, 40 VM 15-mer random primers

(Operon Technologies, Alameda, California), 0.2 mM of each dNTP, 2.5 mM MgC12, 1 x

expand high fidelity buffer, 3.5 units of Taq expand high fidelity polymerase (Boehringer
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Mannheim, Mannheim, Germany), and 10 pl of DNA sample. Fifty primer extension

cycles were carried out in a Perkin-Elmer 9600 thermocycler after an initial denaturation

step at 94 'C for 3 min. Each cycle consisted of 1 min at 94 'C, 2 min at 37 'C, a ramping

step of 0.1 'C per second up to 55 'C, a 4 min primer extension step at 55 'C and

followed by a 30 s at 68 'C. The PEP reaction products were diluted 2-3 folds, and used

as template DNA for TP53 alteration and allelic loss analysis.

Immunohistochemistry

Immunohistochemical staining of formalin-fixed, paraffin-embedded sections of

each tumor was conducted using the anti-p53 monoclonal antibody DO-7 (Dako, Santa

Barbara, CA) by using microwave antigen retrieval in citrate buffer. Briefly, Sections

were deparaffinized, rehydrated, washed for 2 x 5 min with distilled water and boiled in a

microwave oven in 0.01 M citrate buffer for 10 min for antigen retrieval. Endogenous

peroxidase activity was blocked by 0.3% hydrogen peroxide for 30 min, followed by

washing for 20 min with TBS (100 mM Tris-HC1, pH 7.5; 0.15 M NaC1). After blocking

the nonspecific staining with normal mouse serum, tissue sections were incubated with

the p53-specific mouse monoclonal antibody at a working dilution of 1:50, 1 h at room

temperature. Samples were washed twice for 5 min with TBS and incubated for 30 min

with biotinylated secondary antibody (Vectastain ABC Elite Kit, Vector Laboratories,

Burlingame, CA). After two washings for 5 min in TBS, the sections were incubated for

30 min in avidinbiotinylated peroxidase complex solution. Sections were washed for 2 x

5 min with TBS, developed with diaminobenzidine tetrahydrochloride substrate (DAB

substrate kit, Vector Laboratories, Burlingame, CA) for 7 min, followed by washing with
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water for 2 x 5 min, dehydrated, cleared and mounted. Known p53-positive sample was

used as positive control, and the same sample processed without the primary antibody

was used as a negative control.

Mutation analysis

DNA sequence analyses of each exon contributing to TP53 open reading frame

(exons 2-11) were evaluated by automated DNA sequence analysis. DNA samples were

amplified from the entire coding sequence of the p53 gene. The sequences of the primers

used are shown in Table 1. Each amplification was performed in a 20 P1 reaction medium

containing both sense and antisense primers at a final concentration of 1 [M, 0.25 mM of

each dNTP, 1 x buffer (50 mM Tris-HCl, pH 8.3; 10 mM KC1), 2.5 mM of MgC12, 0.5

units AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA) and 1.5 P1

of DNA. Amplification was started with 12 min at 95 'C, followed by 35 cycles

composed of 30 sec at 94 'C, 30 sec at 55 'C and 45 sec at 72 'C, and with a final

extension at 72 'C for 10 min in a Perkin-Elmer 9600 thermocycler. The products were

electrophoresed on a 1.5% agarose gel containing ethidium bromide to assess the purity

of each anticipated DNA fragment. The products were purified using a gel extraction kit

(Sephaglas BandPrep Kit, Amersham Pharmacia Biotech, Piscataway, NJ) and sequenced

directly by using BigDye terminator cycle sequencing kit and capillary electrophoresis in

an ABI PRISM 310 automated DNA sequencer (Applied Biosystems, Foster City, CA).

All samples with mutations were verified by two independent cycle sequencing PCR

reactions and analysis of both sense and antisense DNA strands. The TP53 DNA

sequence in GenBank (accession number HSP53007) was used as references.
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Microsatellite analysis

LOH was detected by a set of 3 microsatellite markers mapping to chromosome

17p13.1. All primers were purchased from the Applied Biosystems, Forster City, CA.

PCR reactions were performed in a 10 gtl volume using 1 g1 of whole genome amplified

DNA, 0.25-0.5 pM of each primer, 1 x PCR buffer, 2.5 mM MgC12, 0.25 mM of each

dNTP, and 0.5 unit AmpliTaq Gold DNA polymerase. Amplification was started with 12

min at 95 'C, followed by 10 cycles composed of 15 sec at 94 'C, 15 sec at 55 'C and 30

sec at 72 'C, and then 25 cycles composed of 15 sec at 89 'C, 15 sec at 55 'C and 30 sec

at 72 'C. Amplified PCR products were run on an ABI PRISM 310 automated DNA

sequencer (Applied Biosystems, Forster City, CA). The allelic products were assessed for

peak height and peak area using Genescan and Genotyper softwares (Applied

Biosystems, Forster City, CA), and the ratios of heterozygous, normal and tumor alleles

were calculated as described previously.12
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RESULTS

p53 protein expression was determined in 7 microscopic ovarian carcinomas by

immunohistochemistry. Three of the 7 tumors displayed positive p53 protein

immunostaining and were regarded as overexpression or accumulation of p53 protein.

The percentage of tumor cell nuclei with positive staining was 40%, 90% and 95% in

cases 97-7024, 4613 and 99N5 1, respectively. These 3 cases were high grade serous type

(Table 2). The remaining 4 cases were not found to have positive immunostaining in any

tumor cell nuclei, and were considered to be lack of p53 overexpression. Furthermore, the

p53 protein positive immunostaining was not observed in the benign components of

ovarian carcinomas, including fibrous connective tissue, vessels, and inflammatory cells

(Figure 1).

Mutation analysis of the TP53 open reading frame including exons 2-11 was

conducted in all 7 tumors. TP53 missense mutations were detected in 3 of the 7 (43%)

ovarian carcinomas. All these 3 cases showed positive immunostaining for the p53

protein also. The mutations were found in exon 7 (at codon 241 in case 97-7024, grade 2

serous tumor) (Figure 2), exon 6 (at codon 214 in case 99N5 1, grade 3 serous tumor), and

exon 8 (at codon 273 in case 4613, grade 3 serous tumor). Neither TP53 mutation nor

positive p53 protein staining were found in the remaining 4 cases.

LOH in the TP53 region at l7p13 was observed in most of these microscopic

ovariantumors. LOH at loci D17S938 (17p13.1), D17S1876 (17p13.1-2), and D17S1876

(17pl3.1-2) was detected in 4 of 6 (66%), 4 of 7 (57%), and 3 of 7 (42%) informative

cases, respectively. However, LOH was observed but p53 protein expression and TP53
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mutation were not detected in two tumors (case 3317 and case 744). TP53 gene mutation,

p53 protein expression and LOH on 17pl3.1 in these microscopically detected stage I

ovarian tumors were summarized in Table 2.

The clinical outcome was evaluated by overall survival that was calculated from

the day of treatment or treatment start until the date of died of disease. All of the patients

were updated to July 2001. Only one case was lost of follow-up. The mean duration of

follow-up was 58 months (range, 8-171 months). Case 3317, grade 1 serous

adenocarcinoma, followed up to 122 months, and alive with disease. Case S3854, grade 3

clear cell carcinoma, died of disease after alive for 171 months (Table 2).
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DISCUSSION

In this study, we identified TP53 mutations and p53 over-expression in all the

early de novo high grade (grade 2 and grade 3) serous carcinoma cases suggesting that

high grade serous carcinomas develop directly from ovarian inclusion cysts after

acquiring TP53 mutations. The two early de novo well differentiated serous carcinoma

cases showed neither TP53 mutations nor p53 overexpression, suggesting well

differentiated serous carcinomas might have a different pathogenetic pathway (Figure 3).

Interestingly, both TP53 mutation and p53 expression could not be detected in the two

high grade endometrioid and clear cell carcinoma cases. Infrequent TP53 mutation and

p53 over-expression have been described in non-serous type of ovarian cancer. 13-17 Ho et

al"8 studied p53 over-expression in 38 cases of clear cell ovarian carcinomas and found

only one positive case. These data further support the hypothesis that both endometrioid

and clear cell carcinomas may have different pathogenetic pathways in comparing to the

serous histological type.

Previous reports in the literature indicated high LOH frequencies at the TP53

locus in ovarian tumors. 19-23 In this study, we demonstrated that 86% (6 of 7) of the early

de novo ovarian carcinoma cases showed allelic loss in at least one of the three markers

located at the TP53 region. Interestingly, TP53 mutations and p53 over-expression can

only be detected in three of the 6 cases. These data suggest that allelic loss at 17pl3.1 is

an early event during the pathogenesis of different subtypes of ovarian cancer, and there

may be another gene(s) other than TP53 located in 17p13.1, which may be important for

the development of ovarian cancer.
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In conclusion, we have detected TP53 mutation and p53 over-expression in the

microscopically detected de novo ovarian carcinoma cases particularly in the high grade

serous type. These results strongly suggest that deregulation of p53 function may be one

of the early critical events in the development of this type of ovarian carcinoma, and

support the notion that different types of ovarian cancer may have different pathogenetic

pathways. Genetic changes in a larger set of de novo ovarian carcinoma warrant to be

further studied which will provide us insight into the pathogenesis of ovarian cancer and

markers for early detection of the disease.
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LEGENDS

Figure 1. p5 3 expression in microscopically detected stage I ovarian tumors. A, case

3317, grade 1 serous adenocarcinoma, negative for p53 protein staining. B, case 97-7024,

grade 2 serous adenocarcinoma, with p53 immunostaining in 40% of tumor cell nuclei. C,

case 4613, grade 3 serous adenocarcinoma, with p53 immunostaining in 90% of tumor

cell nuclei. D, case S3854, grade 3 clear cell carcinoma, negative for p53 protein staining.

Figure 2. Sequence chromatograms demonstrating mutations in an ovarian carcinoma.

A, case 99N51 with exon 6 at codon 214 missense mutation; B, case 97-7024 with exon 7

at codon 241 missense mutation. Upper panel, normal control, lower panel, tumor.

Arrows, the position of mutated bases.

Figure 3. Pathogenesis of epithelial ovarian tumors. HOSE, human ovarian surface

epithelial cells; IEOC, invasive epithelial ovarian carcinoma.
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ABSTRACT

Using the MICROMAX cDNA microarray system and RNA isolated from ovarian cancer cell

lines and normal ovarian surface epithelial cells (HOSE), we identified a gene called the

epithelial cell adhesion molecule (Ep-CAM) that exhibited a cancer-to-HOSE ratio of 444. Real

time quantitative PCR analysis revealed significant overexpression of Ep-CAM mRNA in cancer

cell lines (P<0.001) and microdissected cancer tissues (p=0.035), compared to that in cultured

normal HOSE and microdissected germinal epithelium, respectively. Immuno-histochemical

staining of paraffin block sections revealed that Ep-CAM expression was absent in stromal areas

of normal ovaries or those with benign disease or cancer. In contrast, a gradient of expression

was found in the germinal epithelium with ovaries from women with borderline or invasive

cancer displaying the greatest level of expression, normal ovaries the least, and ovaries from

women with benign tumors intermediate expression (p<0.05). No significant differences in Ep-

CAM immuno-histochemical staining were observed among ovarian cancer samples with

different histologic types and grades. Because Ep-CAM auto-antibody levels have been shown to

be elevated in other cancers, such as colon, we examined levels of auto-antibody against Ep-

CAM in patients with epithelial ovarian cancer and controls by enzyme-linked immunosorbent

assay (ELISA). Ep-CAM auto-antibody levels (measured in units of absorbance at 450nm) were:

0.132 in 52 patients with ovarian cancer, 0.098 in 26 cases with benign gynecologic disease, and

0.090 in 26 normal women (p<0.05). When a cut-off value of 0.115 was used, the Ep-CAM auto-

antibody assay showed a sensitivity of 71.2% and a specificity of 80.8% whereas the sensitivity

and specificity of CA 125 measured in 52% of the same subjects were 84.6% and 88.5% with a

CA 125 cut-off of 35U/ml. However, the Ep-CAM auto-antibody assay may be complementary

to CA125, as indicated by low correlation coefficient and the fact that combining the test with CA

125 increased the sensitivity to 94.2% and specificity to 100.0%. This investigation has

demonstrated the potential value of cDNA microarray analysis in identifying overexpressed
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genes in ovarian cancer, and suggests that the Ep-CAM auto-antibody may offer a biomarker for

ovarian cancer with clinical usefulness.
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INTRODUCTION

Ovarian cancer has the highest mortality rate among all the gynecologic malignancies (1).

Every year, 25,000 ovarian cancer cases are being newly diagnosed in the U.S. and

approximately 15,000 deaths, secondary to the malignancy, occur annually (2).

Despite intense efforts with cytoreductive surgeries and combined chemotherapeutic

modalities, most advanced-stage ovarian cancer patients experience relapses and eventually die

from disease (3). There have been continuous efforts in developing new drugs and treatment

modalities. Nevertheless, the prognosis for advanced and recurrent ovarian cancers has not

substantially changed (4). More than 70% of the patients are in the 3rd or 4t' stage at the time of

diagnosis (5). Hence, in order to improve survival, it is necessary to develope specific tumor

markers that can be used to detect early stages of the disease.

Since most ovarian cancers are of epithelial cell origin, deregulated epithelial antigens may be

ideal candidate markers. Ep-CAM has a wide distribution in carcinomas of epithelial origin with

exception of squamous cell carcinoma of skin or hepatoma (6). Thus, it has been the focus of

immunologic treatment (7-10). Clinical studies in early stage colorectal cancers showed that Ep-

CAM could be used as an antigenic target for passive immunotherapy with monoclonal antibody

Co 17-IA (9,10). In approaches to active immunotherapy with anti-idiotypic antibodies and

recombinant protein, colorectal cancer patients developed humoral and cellular immune

responses to the antigen (11,12)

Ep-CAM is a 40-kDa glycoprotein encoded by the GA733-2 gene (13,14). Ep-CAM has been

referred to as C017-1A, MH99, AUA1, MOC31, 323/A3, KS1/4, GA733, HEA125 or KSA,

EGP, EGP40 and GA733-2 (14-22). A known biological role of Ep-CAM is its relationship to

homophilic cell adhesion (23). Like other adhesion molecules, Ep-CAM is known to be involved

in the signaling cascade related to proliferation, differentiation and apoptosis, as well as a

regulator of cadherin-mediated functions which is involved in invasion and metastasis (24,25).

Furthermore, it has been shown to be associated with proliferation or differentiation secondary to
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carcinogenesis and also to play a role in adhesion molecule that suppresses metastasis. Hence,

Ep-CAM may have a bi-directional effect in the progression of malignancy.

Here, we demonstrate the use of microarray technology and subsequent validation studies to

identify overexpression of Ep-CAM transcript and protein in ovarian cancer cells and tissues, and

provide evidence that Ep-CAM autoantibody may be a potential marker for early detection of

ovarian cancer.
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MATERIALS AND METHODS

Cell lines and culture conditions

All cell lines and cultures were maintained at 370C in a humidified 5% CO2 ambient air

atmosphere. They were grown in Medium 199 and MCDB 105 (1:1) (Sigma, St Louis, Mo)

supplemented with 10% fetal bovine serum (FBS)(Gemini Bio-Products, Calabasas, CA). Normal

human ovarian surface epithelial cells (HOSE) cultures were established by scraping the surface

of the ovary, as described previously (26). In brief, the scraped cells were spun down,

resuspended and cultured in 2.5ml of growth medium. Cells at 75% confluency were then

harvested by trypsinization and used for total RNA isolation. Five normal HOSE cells used in this

experiment were HOSE695, HOSE697, HOSE713, HOSE726, and HOSE730. Ovarian cancer

cell lines were established either by recovery from ascities or explanted from solid tumors as

described previously (26). Ten ovarian cancer cell lines were used: OVCA3, OVCA420,

OVCA429, OVCA432, OVCA433, OVCA633, CAOV3, DOV13, ALST, as well as SKOV3. All

cell cultures and cell lines were established in the Laboratory of Gynecologic Oncology, Brigham

and Women's Hospital, except OVCAR-3 and SKOV-3, which were purchased from American

Type culture Collection (Rockville, MD).

Antibody and antigen

Monoclonal antibody GA733 against Ep-CAM has been described (27). Ep-CAM

(recombinant baculovirus-derived extracellular domain protein) was purified with monoclonal

antibody GA733 as described (28).

Tissue and Serum Samples

All patients were treated at the Brigham and Women's Hospital between 1992 and 2000. We

randomly retrieved patients with ovarian tumors with different histologic types and grades based

on the WHO and the International Federation of Gynecology and Obstetrics criteria. All patient-

derived biologic specimens were collected and archived under protocols approved by the

Brigham and Women's Human Subjects Committee or studied as an approved use of discarded
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human materials. All tumor tissues were collected from the primary ovarian sites and, if possible,

metastatic sites from patients undergoing surgery. They contained less than 20% normal tissue.

For fresh frozen sections, fresh specimens collected at the operating room were placed in

tissue culture medium, Medium 199 and MCDB 105 (1:1) with 10% FBS, and transported to the

laboratory. After removing the nontumorous tissue, the specimens were immediately embedded

in Tissue Tek OCT medium (Miles, Elkhart, IN), snap-frozen in liquid nitrogen, and stored at -80

°C until use.

The Archival tissues in paraffin blocks were collected from pathology files in the Laboratory

of Gynecologic Oncology at the Brigham and Women's Hospital.

Preoperative serum samples from women with ovarian cancer, and benign gynecologic

disorders, and serum samples from non-diseased normals were obtained between 1999 and 2000.

These specimen were stored at -800C without any incident of thawing.

Laser capture microdissection (LCM)

Tissues stored in Tissue Tek OCT medium at -800C were sectioned at 7 gm in a cryostat

(Leica, Allendate, NJ). Sections were mounted on uncoated glass slides and immediately fixed in

70% and 50% ethanol for 30 seconds in each, stained with Hematoxylin and Eosin, dehydrated in

an increased series of alcohol and cleared in xylene for 5 minutes in each microdissection. Once

air-dried for 3 minutes, the sections were laser microdissected with the PixCell II

system(Arctarus, CA). Morphologically normal ovarian epithelial cells and malignant epithelial

ovarian cancer cells were procured.

Microarray Probe and Hybridization

The MICROMAX human cDNA system I (NEN Life Science Products, Inc., Boston, MA),

which contains 2400 known human cDNA on a 1X3,, slide, was used in this study as described

(29). Biotin-labeled cDNA was generated from 3 jg total RNA, which was pooled fromHOSE 17,

HOSE36 and HOSE642. Dinitropheny (DNP)-labeled cDNA was generated from 3 jig total RNA

that was pooled from ovarian cancer cell lines OVCA 420, OVCA 433 and SKOV3. Before the
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cDNA reaction, an equal amount of RNA control was added to each batch of the RNA samples

for normalization. The biotin-labeled and DNP-labeled cDNA were mixed, dried and

resuspended in 20 tl hybridization buffer, which was added to the cDNA microarray and covered

with a cover slip. Hybridization was carried out overnight at 65 0C inside a hybridization cassette

(Telechem, Inc. Sunnyvale, CA).

After hybridization, the microarray was washed with 30 ml 0.5X SSC, 0.01% SDS, and then

30 ml 0.06X SSC, 0.01% SDS, and finally, 0.06X SSC alone. The hybridization signal from

biotin-labeled cDNA was amplified with streptavidin-horseradish peroxidase and Cy5TM-

tyramide, while hybridization signal from DNP-labeled cDNA was amplified with anti-DNP-

Horseradish peroxidase and Cy3TM-tyramide. After the post-hybridization wash, the cDNA

microarray was air-dried and signal amplification was detected with a laser scanner.

Laser detection of the Cy3 signal (derived from ovarian cancer cells) and Cy5 signal (derived

from HOSE cells) on the microarray was acquired with a confocal laser reader, ScanArray3000

(GSI Lumonics, Watertown, MA). Separate scans were taken for each fluor at a pixel size of 10 p.

m. cDNA derived from the control RNA hybridized to 12 specific spots within the Microarray.

Cy3 and cy5 signals from these 12 spots should theoretically be equal and were used to normalize

the different efficiencies in labeling and detection with the two fluors. The fluorescence signal

intensities and the Cy3/Cy5 ratios for each of the 2400 cDNAs were analyzed by the software

Imagene 3.0 (Biodiscovery inc, Los Angeles, CA).

Real-time Quantitative RT-PCR

RNA was extracted from the cell lines and tissues using a micro RNA extraction kit as

described by the manufacturer (Stratagene, Valenica, CA), and quantified by fluorometry

(Gemini Bio-Products). Real-time PCR was performed in duplicate using primer sets specific for

Ep-CAM (forward primer: 5'-CGTCAATGCCAGTGTACTTCAGTTG-3'; reverse primer: 5'-

TCCAGTAGGTTCTCACTCGCTCAG-3') and a house keeping gene, GAPDH, in an ABI

PRISM 5700 Sequence Detector. mRNA was extracted from normal ovarian epithelial cell
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cultures (HOSE 695, 697, 713, 726 and 730), ovarian carcinoma cell lines (OVCA3, OVCA420,

OVCA429, OVCA432, OVCA433, OVCA633, CAOV3, DOV13, SKOV3 and ALST), three

normal ovarian epithelial tissues, and thirteen ovarian cancer tissues.

cDNA was generated from 1 Rg total RNA using the TaqMan reverse transcription reagents

containing IX TaqMan RT buffer, 5.5 mM MgC12, 500 ptM dNTP, 2.5 jiM random hexamer, 0.4

U/Rl Rnase inhibitor, 1.25 U/ll MultiScribe reverse transcriptase (PE Applied Biosystems, Foster

City CA) in 100 l. The reaction was incubated at 250C for 10 minutes, 480C for 30 minutes and

finally at 95 0C for 5 minutes.

A total of 0.5 [l of cDNA was used in a 20 jil PCR mix containing 1X SYBR PCR buffer, 3

mM MgC12, 0.8 mM dNTP, and 0.025 U/jl AmpliTaq Gold (PE Applied Biosystems, Foster City,

CA). Amplification was then performed with denaturation for 10 minutes at 95 °C, followed by 40

PCR cycles of denaturation at 95 0C for 15 seconds and annealing/extension at 600C for 1 minute.

The AB15700 system software monitored the changes in fluorescence of SYBR Green I dye in

every cycle and the threshold cycle (CT) for each reaction was calculated.

The relative amount of PCR products generated from each primer set was determined based

on the threshold cycle or CT value. GAPDH was used for the normalization of RNA used. Its CT

value was then subtracted from that of each target gene to obtain a ACT value. The difference (AA

CT) between the ACT values of the samples for each gene target and the ACT value of the

calibrator (HOSE726 and 756HOSE in vitro and in vivo studies, respectively) was determined.

The relative quantitative value was expressed as 2 -IACT. To confirm the specificity of the PCR

reaction, PCR products were electrophoresed on a 1.2% agarose gel.

Immunohistochemistry

Specimens used in this experiment consisted of 5 normal ovaries, 17 benign ovarian tumors,

52 borderline ovarian cancers (29 serous, 21 mucinous, 1 endometrioid, and 1 clear cell), and 67

invasive ovarian cancers (31 serous, 20 mucinous, 12 endometrioid, and 4 clear cell).

10



Immunostaining was performed by the avidin-biotin method. Sections were deparaffinized in

xylene and hydrated with graded ethanol concentrations and water. Endogenous peroxide was

blocked with 0.3% hydrogen peroxide in methanol for 30 minutes. After blocking nonspecific

antigens with normal horse serum for 20 minutes, the sections were incubated with mouse

monoclonal antibody GA733 against Ep-CAM (2.35 jtg/mil; DAKO, Carpinteria, CA) for 60

minutes at room temperature. The control sections were treated in parallel but incubated with

normal mouse serum (as a negative control) instead of the primary antibodies. All sections were

incubated in a moist chamber. After being washed two times with tris-buffered saline (TBS) for

10 minutes, sections were then incubated with a biotinylated goat anti-mouse IgG antibody for 30

minutes (Vector Laboratories, Burlingame, CA). The sections were washed again. After

incubation in avidin-biotin complex (Vector Laboratories) for 30 minutes, the reaction product

was visualized by 3,3-diaminobenzidine tetrahydrochloride (Vector Laboratories). Finally,

sections were dehydrated in ethanol, cleared in xylene, and mounted in SP15-500 Permount

(Fisher Scientific).

Representative photomicrographs were recorded by a digital camera (Optronics, Goleta,

CA). A single person to alleviate technician-induced discrepancies completed all staining. Slides

stained with hematoxylin and eosin were available for all specimens.

To evaluate the result, we established a score corresponding to the sum of both staining

intensity (strong positive staining in most of cells, 3+; moderate staining in cells, 2+; weak

staining in cells, 1+; no evidence of staining, 0), and percentage of positive cells (most of cells

demonstrating staining, 3+; half of cells demonstrating staining, 2+; few cells demonstrating

staining, 1+; no cells staining, 0), as described elsewhere (30). Differences between groups were

evaluated by the sum of intensity and cell count's score. The slides were scored in the absence of

any clinical data and the final score reported was the average of the 3 observers.

ELISA

ELISA performed Immunodetection of Ep-CAM autoantibody, as described (31).
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Flat-bottomed microtiter enzyme-linked immunosorbent assay (ELISA) plates (Alpha Diagnostic,

San Antonio, TX) were incubated at 4 °C overnight with 100 PI purified Ep-CAM (2.5[tg/ml) in

0.05 M carbonate buffer, pH 9.7. After washing three times with 5mmol/L Tris buffer, pH7.80

with 0.15 mol of NaC1, 1 mmol of MgCl 2 and 0.5 g of sodium azide per liter, the wells were

blocked for 1 hour at 370C with 200 pl 50 mmol!L Tris Buffer, pH7.8 with 10 g of bovine serum

albumin (BSA) per liter and washed three times. Serum samples were diluted 1:50 in 50 mmol/L

Tris Buffer, pH7.8 with 60g BSA and 0.5 g of sodium azide and incubated overnight at 40C.

After washing six times, the wells were incubated for 2 hours at room temperature with 100 Il

horseradish-peroxidase-conjugated goat anti human IgG (Pierce, Rockford, IL) diluted 1:20,000

in 50 mmol/L Tris buffer, pH 7.8 containing 60 g of BSA and 0.5 g of sodium azide per liter.

After washing six times, 100 pl TMB substrate solution (Alpha Diagnostic) was added for

development at room temperature for 15 minutes. The absorbance at 450nm was measured by an

automatic ELISA reader (Biorad, Hercules, CA).

The CA 125 assay was performed by an immunoradiometric assay according to the

manufacturer's instructions (Abbot Diagnostics).

Results were expressed as the mean absorbance of triplicate wells after subtraction of

background values. Negative controls include the elimination of purified Ep-CAM, patient's

serum, secondary antibody or substrate for development in the assay.

Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Mann-Whitney U-test tested

statistical significance in real time PCR. Immunohistochemistry and ELISA were tested by one-

way analysis of variances (ANOVA) and Turkey's multiple comparison tests among groups.

Parameters for tumor marker evaluation were tested by chi-square test and Fisher's exact test.

Partial correlation coefficients were calculated between CA 125 and autoantibodies of Ep-CAM,

adjusted by age.
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The level of critical significance was assigned at p < 0.05. All analyses were performed using

SPSS version 9.0 (SPSS Inc., Chicago, IL).
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RESULTS

Using RNA isolated from 3 normal HOSE cell lines and three ovarian cancer cell lines, we

identified thirty genes with a Cy3/Cy5 ratios greater than 5 (25). One of these, with a Cy3/Cy5

ratio of 444, corresponded to tumor related protein called Ep-CAM. It is selectively illustrated in

figure 1.

To validate the expression of Ep-CAM, real time PCR was applied to an expanded series of

ovarian cancer cell lines and tissues.

Based on the AACT relative to the normal cell line, HOSE697, the relative expression levels of

Ep-CAM in RNA in other cell lines were calculated. There was a highly significant difference in

the expression of Ep-CAM between 5 normal ovarian epithelial cell lines and 10 ovarian cancer

cell lines (p<0.001). The mean ± SD of normal and cancer cell lines were 2.63 ± 1.79 and

4265.61 ± 2522.14, respectively. Except for DOV13, the expression of EP-CAM in the other

ovarian cancer cell lines was 1000-fold greater than that in HOSE 697 (Fig. 2).

Ep-CAM expression in ovarian cancer tissues was also examined. We found a significant

difference between the three normal ovarian surface epithelia and 13 ovarian cancer tissues

(p=0.039). The mean ± SD of the two groups was 3.31 ± 3.65 and 140.92 + 277.91, respectively.

Omental metastasis showed a tendency of lower Ep-CAM expression than cancers involving the

ovary; 9.24 ± 4.01 vs. 223.21 ± 335.06 (p=O.13 ). (Fig. 3).

Ep-CAM immunoreactivity was not observed in the stroma of any of the specimens examined.

Positive staining was mainly localized to the cellular membrane and cytoplasm (Fig. 4).

The mean ± SD of immunostaining scores in normal ovary, benign ovarian tumor, borderline

ovarian tumor, and invasive ovarian cancer were 0.80 ± 1.10, 1,76 ± 1.36, 3,74 ± 1.66, and 3.34 ±

1.47, respectively. This difference among groups was statistically significant (p<0.001). There

was no statistical difference between borderline tumors and invasive cancers (p=0. 174) (Table 1).

In the cancer group, no difference in Ep-CAM immunoreactivity among different histological

types and grades was observed. However, it appeared that mucinous borderline cases represented
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relatively higher Ep-CAM expression, compared to any other cancer groups. Stage III and IV

cases showed lower Ep-CAM expression, compared to stage I cases (p=0.007) (Table. 1).

We examined the autoantibody of Ep-CAM by ELISA in sera of 26 normal controls, 26

patients with benign ovarian disease and 52 ovarian cancer patients by ELISA. Normal controls

matched for age with patients with benign ovarian disease and ovarian cancer with a mean age of

58 years old (range, 45-76).

Reciprocal serum end-point dilutions ranged between 10 and 1000 among 3 cancer patients

(fig. 5).

The cut off positive antibody reactivity against Ep-CAM was 0.140, which was defined as an

absorbance greater than 2SDs above the mean value of the normal controls. Another cut off

value 0.115, which was defined as an absorbance greater than SD above the mean value of the

normal controls, was also used..

The schematic results are shown in Figure 6. The mean ± SD of Ep-CAM autoantibody levels

in normal controls, benign ovarian disease, and cancer patients were 0.090 ± 0.025, 0.098 ±

0.026, and 0.132 + 0.032, respectively. The difference between cancer cases and the other cases

was statistically significant (p=0.033). Based on the cut off value as 0.140, 22 ovarian cancer

cases (42.3%) were positive, whereas none of the control (0%) and 2 (7.7%) benign ovarian

disease cases were positive (fig. 6).

Data obtained from Ep-CAM autoantibody screening showed a sensitivity of 42.3%, a

specificity of 100.0%, a positive predictive value of 100.0%, and a negative predictive value of

46.4%. CA125, for which the cut off value is 35 U/ml in accordance with the supplier, showed a

sensitivity of 84.6%, a specificity of 88.5%, a positive predictive value of 93.8%, and a negative

predictive value of 74.2% in this experiment. In combination, the two markers showed a

sensitivity of 88,5%, specificity was 100.0%, positive predictive value 100.0%, and negative

predictive value 96.8%. The sensitivity was statistically increased when Ep-CAM was used with

CA 125 as compared to CA125 alone (p<0.01). When the cut off value of Ep-CAM autoantibody

15



was lowered to 0.115, combined two markers showed significant increases in sensitivity and

negative predictive value than CA125 alone (p<0.01, respectively). The combination of CA 125

and Ep-CAM autoantibody showed 92.3% diagnostic efficiency when the cut-off value is 0.140,

and 96.2% when the cut-off value is 0.115, which was higher compared than CA 125 alone,

85.9% (p<0.01, respectively) (Table 2).

In cancer patient's serum, there were no significant difference in histologic types and grades.

The sera of stage IV cases showed lower levels of Ep-CAM autoantibody, compared to either

stage I or II (p=0.0 39 ) (Table 3).

Figure 7 displays a bivariate plot of the autoantibody of Ep-CAM versus CA-125 for normal

control subjects with benign ovarian disease, and epithelial ovarian cancer cases. The correlation

coefficient for all cases was 0.181 and p= 0.0073, and for patients with cancers it was -0.076, p=

0.59, respectively (Fig. 7).
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DISCUSSION

A tumor marker is generally considered a biochemical substance produced by the tumor and

can be used to denote any change in cancer growth behavior. A number of tumor markers are

now available to clinical oncologists. They have the potential utility for screening, diagnosis,

prognosis, as well as therapeutic monitoring. In epithelial ovarian cancer, many tumor markers

have been identified and studied. However, most of these markers have not shown satisfactory

sensitivity and specificity, and therefore are not useful as a routine screening method for ovarian

cancer. CA 125 is the most extensively researched marker in ovarian cancer, but there is only

preliminary evidence that ovarian cancer screening using CA 125 can reduce mortality (32).

Therefore, it is of paramount importance to identify new markers, particularly serologic markers,

which can be used alone or in combination with CA 125 to improve the sensitivity and the

specificity of the screening assay.

Multiple methods have been applied to identify tumor markers. One approach is through the

identification of differentially expressed genes in ovarian cancer cells and normal ovarian surface

epithelial cells. This is achieved by validation processes to determine whether the differentially

expressed protein can be used as a serologic marker. Methods used to identify differentially

expressed genes include expression sequencing tags (ESTs) sequencing, serial analysis of gene

expression, differential display PCR, and cDNA or oligonucleotide microarray analysis (33-36).

In this study, the MICROMAXTM cDNA microarray system, which contains 2,400 known genes

with known function, was used. This system, which requires the use of only 1 jug of total RNA, is

particularly attractive when small numbers of cells, such as normal HOSE cells are unavoidable.

Among all the genes analyzed, Ep-CAM showed the highest Cy3/Cy5 ratio suggesting that it was

highly overexpressed in ovarian cancer cells (29).

Ep-CAM is a glycoprotein with a molecular weight of 40 kDa and encoded by the GA733-2

gene located at chromosome 4q (13,15-18). GA733-1 gene product has been known as a unique

homologous protein and shares 49% homology with the Ep-CAM amino acid sequence (14). Low
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levels of Ep-CAM are detected in all epithelial cells except for squamous stratified epithelium

(6). Using real time PCR and immunohistochemistry, we also demonstrate low level of Ep-CAM

mRNA and protein expression in normal ovarian surface epithelial cells. Similar to most

epithelial derived cancers, ovarian cancers express significantly higher levels of Ep-CAM than

normal and benign ovarian epithelia. However, we found no significant difference in Ep-CAM

expression in borderline and invasive ovarian tumors with different grades. These data suggest

that Ep-CAM may be involved in the development of both borderline and invasive disease and

may be associated with an early phase of ovarian carcinogenesis. In contrast to ovarian cancer,

other cancers show a different relationship between Ep-CAM expression and degree of

differentiation. For example, high-grade transitional cancer of the bladder shows significantly

higher Ep-CAM expression than low-grade transitional cancers (37,38). Furthermore, Ep-CAM

was expressed at higher level in high-grade cervical intraepithelial neoplasia (CIN) than in low-

grade CIN (39).

It is interesting to note that stage III and IV ovarian cancer shows significantly lower Ep-CAM

expression than stage I disease. A similar pattern has been observed in laryngeal cancer in which

lower expression of Ep-CAM correlates with a high frequency of metastases (40). Furthermore, it

has been shown that transfection of murine Ep-CAM into mouse colorectal cancer cells

suppressed their metastatic potential (41). These results may be explained by the fact that Ep-

CAM also acts as an adhesion protein (23) whose down-regulation may facilitate the metastasis

process during cancer progression.

Using an established ELISA, we evaluated the potential of using Ep-CAM autoantibody levels

to detect ovarian cancer. Ep-CAM autoantibody levels proved to be significantly higher in

ovarian cancer than normal and benign ovarian disease but is less sensitive and less efficient than

CA 125 as shown in this experiment. However Ep-CAM autoantibody may be complementary to

CA 125 as suggested by the low correlation between the two. Using Ep-CAM autoantibody with

CA 125, we found that the sensitivity and diagnostic efficiency were significantly increased as

18



compared to CA 125 alone without lowering the specificity. Nevertheless, a large study with

more cases and controls needs to be performed to confirm the potential diagnostic value of Ep-

CAM autoantibody.

In conclusion, this investigation has demonstrated the potential value of the cDNA microarray

analysis in identifying overexpressed genes in ovarian cancer, and suggests that Ep-CAM

antibodies may be a valuable biomarker with clinical usefulness.
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FIGURE LEGENDS

Eig.1 Microarray analysis using pooled RNA isolated from three normal HOSE cultures and three

ovarian cancer cell lines. Arrows indicate spots on two microarrays, which correspond to Ep-

CAM.

Fig! Relative quantitation of Ep-CAM mRNA in normal and malignant epithelial ovarian cancer

cell lines. Statistically significant difference was obtained between normal (HOSE 695, HOSE

697, HOSE 713, HOSE 726, and HOSE 730) and cancer cell lines (ALST, CAOV3, DOV13,

OVCA3, OVCA 420, OVCA429, OVCA432, OVCA433, OVCA633) by Mann-Whitney U-test

(p < 0.001). Each value was expressed as the mean of duplicate determinations.

Eig! Relative quantitation of Ep-CAM mRNA in normal and malignant ovarian cancer tissues.

Statistically significant difference was obtained between normal (756HOSE, 757HOSE, and

763HOSE) and cancer tissues (330A, 333A, 426C, 427A, 466A, 489C, 629A, 683A, 690C,

720C, 721C, 734A, and 834A; A: ovary, C: omentum) by Mann-Whitney U-test (p = 0.039).

Each value was expressed as the mean of duplicate determinations.

Fig.4 Immunolocalization of Ep-CAM in normal and malignant ovarian tissues. (A) Ovarian

surface epithelial cells (arrowheads) (B) Benign serous cystadenoma (C) Serous borderline

tumor. (D) Serous cystadenocarcinoma. (E) Mucinous borderline ovarian tumor (F) Mucinous

cystadenocarcinoma (G) Endometrioid cystadenocarcinoma (H) Clear cell cystadenocarcinoma.

Scale bar represents 50 mm.

Fia. Absorbance values (mean ± SD) of diluted sera of 3 patients against the Ep-CAM protein.

Each value was expressed as the mean ± SD of triplicate determinations.

25



Fia. 6 Absorbance values of diluted sera of Ep-CAM autoantibody normal controls (n=26),

cases with benign lesions (n=26), and cancer(n=52). The results shown are the mean values of

triplicate wells. There is a significant difference among three groups by ANOVA (p=0.033) and

the differences are significant between cancer cases and the other groups based on Tukey's

multiple comparison test.

Ein._7 Correlation between the Ep-CAM autoantibody and CA-125 (on log scales) in the sera of

ovarian cancer cases and controls by partial correlation coefficient. R=partial correlation

coefficient adjusted by age. 9: normal (n=26), 0I: benign ovarian disease (n=26), A: cancer

(n=52) The horizontal and vertical lines indicate the cut off value for positivity (0.140 for Ep-

CAM autoantibody and >35 U/ml for CA 125)
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Table 1.The expression of Ep-CAM protein in relation to histopathologic characteristics of

ovarian tumor

Characteristics No. of Cases Scores* T# p values

Diagnosis

Normal 5 0.80 1.10 a p<0.001

Benign 17 1.76 1.36 b

Borderline 52 3.67 + 1.66 c

Invasive 67 3.34 ± 1.47 c

Histology of Cancer

Serous 60 3.36 ± 1.39 p = 0.32

Mucinous 41 3.88 ± 1.73

Endometrioid 13 3.31 ± 1.44

Clear cell/Other 5 3.00 ± 2.10

Tumor differntiation

Borderline 51 3.65 ± 1.79 p = 0.61

Well 26 3.83 ± 1.48

Moderate 14 3.29 ± 1.61

Poor 28 3.36 ± 1.43

FIGO stage

I 54 4.11 ± 1.40 a p = 0.007

II 8 4.33 ± 1.58 a,b

III 43 3.20 ± 1.70 b

IV 14 2.90 ± 2.17 b
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* Values are given as mean ± standard deviation

$ Statiistical significances were tested by ANOVA among groups.

# The same letters indicate non-significant difference between groups based on Tukey's multiple

comparison test.
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Table 3. The levels of Ep-CAM autoantibody in sera in relation to histopathologic characteristics

of ovarian cancer

Characteristics No. of Cases Scores* TO p value'

Histology of Cancer

Serous 26 0.126 ± 0.033 p = 0.083

Mucinous 10 0.129 ± 0.017

Endometrioid 10 0.151 ± 0.024

Clear cell/Other 6 0.120 + 0.031

Tumor differentiation

Borderline 8 0.119 0.018 p = 0.061

Well 6 0.163 ± 0.030

Moderate 12 0.135 ± 0.024

Poor 26 0.128 ± 0.035

FIGO stage

I 16 0.137 ± 0.030 a p = 0.039

II 6 0.150 ± 0.043 a

III 26 0.131 ± 0.028 a, b

IV 4 0.094 ± 0.016 b

* Values are given as mean ± standard deviation

$ Statistical significances were tested by ANOVA among groups.

# The same letters indicate non-significant difference between groups based on Tukey's multiple

comparison test
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ABSTRACT

Background: Epithelial ovarian cancer represents multiple diseases with different

histological types and grades exhibiting various degrees of aggressiveness and clinical

outcomes. These phenomena may result from different genetic backgrounds in ovarian

cancer. Therefore, genetic analyses performed on ovarian cancer, which has been stratified

into different histological types and grades, should provide us a more accurate picture in the

pathways involved in ovarian pathogenesis.

Methods: DNA was first isolated from microdissected normal and malignant ovarian

tissues obtained from forty-eight stage I sporadic epithelial ovarian cancers including 15

serous, 9 mucinous, 12 endometrioid, and 12 clear cell carcinomas. Whole genome

amplification was then performed using an improved primer-extension pre-amplification

method. High-throughput allelotyping was performed on the amplified DNA using 27

fluorescent-labeled microsatellite markers spanning chromosome 17. The percentage of loss

of heterozygosity (LOH) for each marker and the fractional allelic loss (FAL) for each sample

were calculated and compared among different histological types.

Results: Allelotyping on all 48 tumors showed high frequencies of LOH (>45%) at loci

D17S849 (17pl3.2), D17S799 (17pl2), and D17S1862 (17q24.3). Increased number of loci

showed more than 45% LOH rate when the four histological subtypes were analyzed

separately. Serous tumors demonstrated significantly higher LOH rate in 7 of 27 loci

examined than other tumor types (p<0.05-0.001). Significant difference in LOH rate was also

observed in 18 of 27 loci screened when tumors with different differentiations were compared

(P<0.05-0.001). When the average FAL rate was compared among different tumor types,



there was no significant difference among grade I tumors. However, grade 2 clear cell tumors

showed significantly higher FAL rate than endometrioid tumors (p<0.05); and grade 3 serous

and endometrioid tumors showed significantly higher FAL rate than clear cell types (p<0.05).

Conclusions: Different histological types and grades of sporadic epithelial cancers have

different allelic loss profiles suggesting that they may have different pathogenetic pathways.
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INTRODUCTION

Ovarian cancer is the fifth most common form of cancer in females in the United

States. It accounts for 4 percent of the total number of cases and 25 percent of cases occurring

in the female genital tract (1). Because of its low rate of cure, it is responsible for 5 percent of

all cancer deaths in women and approximately half of the deaths due to cancers of the female

genital tract. Epithelial ovarian cancer comprises 97% of ovarian cancer cases. They are

classified into four main histological types: serous, mucinous, endometrioid, and clear cell.

Serous and mucinous types comprise 50% and 30% of all tumor types respectively. Each

histological type can be further grouped into three pathological grades: well differentiated

lesion (grade 1), moderately differentiated lesion (grade 2), and poorly differentiated lesion

(grade 3).

Due to their relative abundance, most of the molecular genetic studies in ovarian

cancer have focused on high grade and late stage serous lesions. However, recent studies

show that a significant difference in genetic changes can be identified in ovarian cancer with

different histological types and pathological grades. For example, KRAS mutation rate is

significantly higher in mucinous than in serous adenocarcinoma (2-4). Furthermore,

comparative genomic hybridization analysis showed that under-representation of I lp and 13q,

and over-representation of 8q and 7p correlated with high grade tumors, while 12p under-

representation and 18p overrepresentation were significantly more frequent in well and

moderately differentiated tumors (5). These data suggest that the single entity of ovarian

cancer represents multiple diseases with different pathogenetic pathways.
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In this study, we used an established high throughput PCR based method in

combination with LCM and whole genome amplification techniques to generate a high

density deletion map on chromosome 17 in 48 stage I epithelial ovarian cancers. In addition,

LOH profiles were compared among cases to evaluate whether they correlated with the

histological subtype and pathological grade of the tumor.
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MATERIALS AND METHODS

Eighteen frozen and 30 formalin-fixed, paraffin-embedded ovarian cancer

samples were obtained from the Division of Gynecologic Oncology, Brigham and

Women's Hospital, the Department of Pathology, Massachusetts General Hospital, and

the Department of Obstetrics and Gynecology, The Chinese University of Hong Kong.

All identifying information was removed from each sample prior to its receipt for

analysis. According to International Federation of Gynecology and Obstetrics criteria, all

48 cases were stage I epithelial ovarian cancer. Of them, 4 were microscopically

identified microinvasive carcinomas. The diameters of these microscopic tumors ranged

from 1 to 8 mm. Histologic subtype and pathological grade of the tumors were

determined according to the World Health Organization criteria. Fifteen were serous, 9

were mucinous, 12 were endometrioid, and 12 were clear cell adenocarcinomas. Eighteen

cases were well differentiated (Grade 1), 14 were moderately differentiated (Grade 2),

and 16 were poorly differentiated tumors (Grade 3).

Six-micrometer sections from frozen tissue or paraffin-embedded tissue blocks

were cut, mounted onto plain glass slide, and stained with hematoxylin and eosin.

Histologic diagnosis for each specimen was confirmed prior to microdissection. Tumor

and normal stromal cells were procured by the PixCell II LCM system (Arcturus

Engineering, Mountain View, CA). DNA was isolated from the LCM procured cells,

microdissected tumor cells and paired stromal cells, and whole genome amplification was

carried out as described previously (6). The 27 fluorescent microsatellite markers

spanning chromosome 17 used in this study were obtained from the ABI PRISM Linkage
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Mapping Set HD-5 (Applied Biosystems, Foster City, CA). Cytogenetic location of the

markers was determined by data obtained from the following three websites including

UCSC's Genome Brower (http://genome.ucsc.edu), NCBI's Map Viewer

(http://www.ncbi.nlm.nic.gov/genome/ guide), and Ensemble (http://www.ensembl.org).

PCR reactions were performed in a 10 ýtl volume using I [tl of whole genome amplified

DNA, 0.25-0.5 ýiM of each primer, 1 x PCR buffer, 2.5 mM MgCI2, 0.25 mM of each

dNTP, and 0.5 unit AmpliTaq Gold DNA polymerase. Amplification was started with 12

min at 95 'C, followed by 10 cycles composed of 15 sec at 94 'C, 15 sec at 55 'C and 30

sec at 72 'C, and then 25 cycles composed of 15 sec at 89 'C, 15 sec at 55 'C and 30 sec

at 72 'C. Amplified PCR products for multiple loci were pooled, and run on an ABI

PRISM 310 automated capillary electrophoresis DNA sequencer (Applied Biosystems,

Foster City, CA).

The allelic products were assessed for peak height and peak area using Genescan

and Genotyper softwares (Applied Biosystems, Forster City, CA), and the ratios of

heterozygous normal and tumor alleles were calculated as described previously (6). LOH

was imputed if the effective decrease in one allele was > 50% (normal : tumor allelic

ratios, < 0.5 or >2.0). Retention of both alleles was scored as retention of heterozygosity.

A unique peak in both the tumor cells and non-tumor stromal cells was scored as

homozygote or not informative. Microsatellite instability (MSI) was defined as a shift of

electropherogram tracing in tumor sample when compared with that in the corresponding

normal tissue. Representative output of an ovarian cancer case demonstrating

allelotyping patterns at loci D17S784, D17S1876, D17S949, and D17S785 are shown in

Figure 1.
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Both LOH percentage for each marker and the FAL for each sample were calculated,

and a detailed deletion map was generated using a LOH clustering software as described (7).

LOH percentage was measured as the number of samples showing LOH present in a marker

divided by the total number of informative (heterozygous) samples. The FAL is a measure of

the extent of allele loss in a given tumor sample and was defined as the number of LOH

events in a sample divided by the total informative (heterozygous) markers in the

corresponding normal DNA sample (8). Pearson's chi-square test and One Way Analysis of

Variance were used to evaluate the association between LOH rate or FAL and tumor

histologic subtype or pathological grade. Fisher exact test was used to compare FAL among

the four microscopically detected tumors. Statistical algorithms were from SPSS 9.0 for

windows software (SPSS Inc., Chicago, IL). Probability value was two-tailed, with p < 0.05

regarded as statistically significant.
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RESULTS

LOH analysis revealed regions of frequent allelic loss in stage I epithelial

ovarian cancer. In this study, DNA samples extracted from 48 stage I ovarian cancer

cases and their corresponding controls were allelotyped with 27 markers, with an average

genetic distance of 5 cM, on chromosome 17. The allelotyping results are shown in

Figure 2 and Table 1. Forty-four of 48 (91%) epithelial ovarian cancers displayed LOH

of at one or more informative markers. Of these, 5 tumors (3 cases of grade 3 serous

adenocarcinoma and 2 cases of grade 3 endometrioid adenocarcinoma) showed LOH at

all informative loci. Four tumors (1 case of grade 1 serous adenocarcinoma and 3 cases of

grade 1 endometrioid adenocarcinoma) showed all informative alleles on chromosome 17

were retained. The remaining 39 tumors showed partial deletions, suggesting regional

losses. The allele loss frequencies of the marker used in all 48 early stage epithelial

ovarian tumors are shown in Figure 3. They varied from 13% (D17S928 at 17qter) to

50% (D17S849 at 17pl3.3 and D17S799 at 17pl2). Frequent losses (>35%) were seen at

12 loci including D17S849 (17pl13.3, 50%), D17S831 (17pl3.3, 37%), D17S1828

(17p13.2,42%), D17S1876 (17p13.2, 49%), D17S799 (17p12,50%), D17S921 (17pl 1.2,

43%), D17S1857 (17pl1.2, 45%), D17S787 (17q22, 45%), D17S944 (17q23.1, 44%),

D17S1816 (17q24.1, 38%), D17S1862 (17q24.3, 47%), and D17S836 (17q25.3, 42%).

The most prominent regions of allelic loss (>45% loss) were at 17p 13.3, 17p 13.2, 17p 12

and 17q24.3. These regions of loss were confined to one marker or located between two

markers. The FAL at 27 loci of chromosome 17 in this set of stage I epithelial ovarian

cancers ranged from 0 to 1.0. The average FAL was 0.349.
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LOH in different histologic subtypes of stage I epithelial ovarian cancer.

LOH of chromosome 17 markers was analyzed according to the histological type as

shown in Table 1. A total of 15 serous, 9 mucinous, 12 endometrioid, and 12 clear

carcinomas were analyzed. In serous adenocarcinoma, high frequency of LOH (>45%)

was detected in 19 loci including D17S1876, D17S1876, D17S799, D17S1857,

D17S1824, D17S798, D17S927, D17S1868, D17S 1795, D17S787, D17S957, D17S944,

D17S1816, D17S1862, D17S1807, D17S785, D17S1847, D17S836 and D17S784. In

mucinous adenocarcinoma, high frequency of LOH was detected in 5 loci including

D17S849, D17S1828, D17S1876, D17S799 and D17S921. Allelic loss was not detected

in any of the markers on 17q21.2-q21.32, and 17q25-qter. In endometrioid

adenocarcinoma, only one marker, D17S849 at 17pl3.3, showed more than 45% LOH

rate. In clear cell adenocarcinoma, high frequency of LOH was detected in 7 loci

including D17S849, D17S1791, D17S799, D17S921, D17S787, D17S1862 and

D17S836. The average FAL in serous, mucinous, endometrioid, and clear cell

adenocarcinoma was 0.447, 0.240, 0.258, and 0.293 respectively. There were significant

differences in LOH frequency at 7 individual loci including D17S1824, D17S798,

D17S927, D17S1868, D17S944, D17S1807 and D17S785 among the 4 subtypes of

cancer (p<0.05-0.001) (figure 4). Without further stratification into different pathological

grades, the difference of FAL among different histological types of ovarian cancer was

not significant (p>0.05).

LOH in different pathological grades of stage I epithelial ovarian cancer.

LOH of chromosome 17 markers was analyzed according to pathological grades as
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shown in Table 1. A total of 14 grade 1, 16 grade 2 and 18 grade 3 tumors were

examined. High frequency of LOH (>45%) was detected at 22 loci in poorly

differentiated grade 3 cancer, at 3 loci in grade 2 cancer, and at no one locus in grade 1

cancer. There was significant difference in LOH frequency at 18 of 27 loci examined

among three pathological grades of stage I ovarian tumor (p<0.05-0.001). The LOH

frequency at these 18 loci was higher in poorly differentiated tumor than that in other

grades (Figure 5). Furthermore, LOH can only be detected at D17S957 on 17q23.1, and

D1 7S928 on 17qter in grade 3 tumors. The average FAL in grade 1, grade 2, and grade 3

was 0.157, 0.208, and 0.624, respectively. Grade 3 tumor showed significantly higher

average FAL than grade 2 and grade 1 tumors (p<0.05-0.001). When the average FAL

was compared among tumors with different grades that were further stratified into

different histological types, grade 2 endometrioid tumors showed significantly lower

FAL than grade 2 clear cell tumors (p<0.05), and lower than grade 2 mucinous and

serous tumors (p=0.051). Furthermore, grade 3 serous and endometrioid tumors showed

significantly higher FAL than grade 3 clear cell tumor (p<0.05) (Figure 6).

LOH in microscopically detected stage I epithelial ovarian cancer. To

evaluate whether chromosome 17 LOH is an early event in ovarian carcinogenesis, the

allelotype profiles from the four microscopically detected ovarian carcinomas were

examined (Figure 2). Both grade 3 serous (case 99N51) and endometrioid (case 774)

adenocarcinomas showed significantly higher FAL than the grade 1 serous

adenocarcinoma (case 3317) (p<0.001) and the grade 2 serous adenocarcinoma (case

7024) (p<0.05). Significant difference in FAL between the microscopically detected
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carcinomas and other stage I invasive ovarian carcinomas with the same grade was not

detected.

Microsatellite instability in stage I epitliclial ovarian cancer. Fifteen of 48

tumors (31%) exhibited MSI at least in one locus (Figure 2). The number of loci with

MSI in these tumors ranged from I to 5. One tumor displayed MSI in 5 markers, five

tumors had MSI in two markers, while nine tumors had MSI in one marker only.

Recurrent changes were not observed in any loci.
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DISCUSSION

In this study, we used 27 fluorescent-labeled microsatellite markers and DNA

isolated from microdissected normal and malignant ovarian tissues obtained from 48

sporadic stage I epithelial ovarian cancer to generate a high resolution deletion map on

chromosome 17. The percentage of LOH for each marker and the FAL for each sample

were calculated and compared among different histological types and pathological

grades.

Due to their relative abundance, most of the allelotyping have focused on the

study of high grade and late stage serous ovarian carcinomas. Detailed deletion mapping

of chromosome 17q in ovarian cancers identified at least three distinct commonly deleted

regions. They are located at 17q 11.2 (the NF1 locus), 17q21 (including the BRCA1

locus) and between 17q25.1 and 17qter (9-11). Multiple common loss regions were also

identified on 17p. More than 50% LOH rate at the p53 locus was identified in all types of

high grade carcinomas but significantly lower in low grade and early stage tumors (12-

14). A site of the chromosome 17p deletions was narrowed to l7p13 where 17 of 21

tumors showing deletions of 17p did not show evidence of TP53 mutations (15). This

suggests that 17p deletions may occur early and precede any TP53 mutations. Further

mapping of the common loss region identified a 15 kB region at 17p 13.3 where a number

of genes including OVCA1 and OVCA2 with potential tumor suppressor function are

located (16, 17).

Controversies in LOH percentage exist in ovarian tumors with different

histological subtypes and pathological grades. Pieretti et al. (18) reported that grade 3
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serous tumors had the highest percentage of chromosome 17 loss (89%), followed by

grade 2 serous tumors (44%) and grade 3 endometrioid carcinomas (43%). Overall, they

detected LOH at 17q in 49% serous, 15% endometrioid, and 4% mucinous neoplasms.

Moreover, total loss of chromosome 17 was almost exclusively detected in high grade

serous carcinomas. They concluded that chromosome 17 loss is a molecular alteration

almost exclusively confined to high-grade and late stage tumors. In contrast, Eccles et al.

(19) reported high LOH rate at chromosome 17 in early stage ovarian carcinomas.

Moreover, Papp et al. (20) reported that LOH at 17q was infrequent in tumors with

endometrioid, mucinous and clear cell histology. Furthermore, Dodson et al. (21)

reported a higher percentage of chromosome 17 LOH in low grade tumors. We believe

that these controversies are mainly due to the distribution of different histological

subtypes and histological grades in their analyses. Using stage I tumor cases with a more

even distribution of subtype and grade, our studies clearly demonstrate that within the

same stage, ovarian cancers with different pathological grades have different allelic loss

profiles. Furthermore, within the same pathological grade, tumors with histological types

have different allelic profiles. Both LOH frequency and FAL change dramatically when

these tumors are analyzed separately. These data strongly suggest that ovarian tumors

with different grades and histological types need to be analyzed separately, and the entity

of ovarian cancer represents multiple diseases with different pathogenetic pathways.

In this study, we showed that both microscopic grade 3 serous and endometrioid

carcinomas demonstrated significantly higher FAL than the grade 1 serous tumors. These

tumors were incidental microscopic findings. The indications for the operations that

included oophorectomy were leiomyomas, menorrhagia, and pyometra. None of the
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oophorectomies were performed as prophylaxis in women with a family history of

ovarian cancer. These tumors represent very early lesions. The identification of

significantly higher FAL in the grade 3 serous and endometrioid carcinomas than the low

grade microscopic tumors suggests that allelic loss in chromosome 17 is an early event in

the pathogenesis of high grade ovarian tumors. Furthermore, it also supports the notion

that high grade tumors may develop de novo from premalignant lesions such as inclusion

cysts or endosalpingosis without progressing through borderline or low grade stages.

Our study showed that MSI in chromosome 17 is uncommon in stage I ovarian

carcinomas. It was identified in tumors with different histological types and pathological

grades. One of the tumors (98R2224) showed evidence of MSI at multiple loci. The

precise significance of this finding is not yet clear. It may represent an indirect evidence

of a mutator phenotype.

In conclusion, this study showed that different histological types and grades of

sporadic stage I epithelial ovarian cancers have different allelic loss profiles. Allelic loss

on chromosome 17 is an early event in the pathogenesis of high grade serous and

endometrioid carcinomas. These data support the notion that ovarian cancer represents

multiple diseases with different pathogenetic pathways and therefore warrants to be

studied separately.
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LEGENDS

Figure 1. Electropherogram traces on four chromosome 17 loci (D17S784, D17S1876,

D17S949, and D17S785) in a clear cell adenocarcinoma (case 98C1755). Top, stromal

cells; Bottom, cancer cells. The four panels from left to right show loss of heterozygosity,

retention of heterozygosity, homozygous, and microsatellite instability, respectively.

Figure 2. Detailed deletion map of 48 stage I epithelial ovarian cancer cases. Samples

are grouped according to tumor grade and histological subtype. Chromosome 17 genetic

linkage map and microsatellite markers are shown on the left. Chromosome regional

location is shown on the right. S, serous; M, mucinous; E, endometrioid; C, clear cell.

Figure 3. Frequency of allele loss in 27 markers on chromosome 17 in 48 stage I

epithelial ovarian tumors.

Figure 4. Graphical representation of LOH frequency at 27 loci on chromosome 17 in 4

histological subtypes of stage I epithelial ovarian tumors.

Figure 5. Graphical representation of LOH frequency at 27 loci on chromosome 17 in

varying grades of stage I epithelial ovarian tumors.
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Figure 6. Average FAL of each histological subtype and pathological grade on

chromosome 17. The error bar depicts the standard deviation of the mean.
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Prostasin, a Potential Serum Marker for Ovarian
Cancer: Identification Through Microarray Technology
Sam~uel C. Mok, Julie Chao, Steven Skates, Kwong-"wok Wong, Gary A. Yiu.
Michael 0. Muro, Ros-s S. B~erkowitz, Daniel W. Cramer

ovarian cancer is an obvious target for better approaches to early
Background: Screening biomarkeri (or ovarian cancer are dctcccion, including thc idcrttification of appropd~ate molecular
needed because of its late stage at diagnosis and poor sur- matt~ers.
vival. We uged microsarray technology to Identify oyercx- Micrvarray technology permits the sirnithancous comparison
pressed genes for weretory proteins as potential serum blo- of the expression of thousands of genes in samples~ to allow
markers and selected prostissin, a serine protease normally identification of those that arc differentially expressed. Tho tech-
secreted by the prostate gland, for further study. Mtethods: nique has been applied to the molecular classification of tumors
R.NA was Isolated and pooled from three ovarian cancer cell (3-5) and may also be Able to identify overexpressed comple-
lines and fronm three normal human ovar-ian surface epithe- mentary DNA (cDNA) corresponding to secretory proteins that
Hal (HfOSE) cell lines. Complementary DNA generated nrom might serve as serum markers for cancer. In this article, we
these pools was hybridized to a mlcroarray slide, and genes describce the application of microarray technology to identify
overexpressed In the cancer cells were identified. Real-time novel molccularu merkcrs for ovarian cancer and explore thte
quantitative polymerase chain reaction wats used to examine potential clinical value of one of the candidate markers (called
prostasin gene expression In ovarian cancer and HO0SE cell prostrisin) thus idenitified.
lines. Anti-prostasin antibodies were used to examine pros-. AFTL AND IETIIODS 0taisti expression and to measure serum Prostasin by an en- MAEAL
zyme-linked immunosorbent assay In.( case patients w~ithi Biologic Specimens:
ovarian cancer and in 137 control subjccts. Previously de-
termined level; of CA 125, an ovarian cancer marker, were All patiCn1-eCriv~d biologic specimnens werc collctred and vc~hiyed under
available from about 70% of all subjects. All itatistlcal tests prN~ocoli approved by the Human Subjects Comrntricc of the Bricham and
were two-sided. Results: Prostasin wits detected by immuno. women~s liospiwa, Boston. MA. or were approved for study under ruideiircs
satrining more strongly in cancerous ovarian epithelial cells covcriin.sdiscarded huma4n m~arerials. Ovarian tiMCu atnd cells Were freshly C0l.

andstomatian n orml varantisue Th man ev l ece frf woeunde-rgoing surgery at the Brigham and Woman% Hospitaland trom tha innorml ovriantisue. he man lvel o e a diagnois~ of prmnuy ov.af,1f essioe ae fromn oomisoi &aubaerr liv~fta hyt.
serum prostasin was 13.7 pg/mL. (95% confidence interval screctmy and oophorcctomy for benign disease. Culnires of nonriul humnn
LC11 10.5 to 16.9 pglmL) in 64 case patients with ovarian ovuian~ surface epithelial (HOSE) cclls were estabtished by scraping the surfAce
cancer and 7.S pg/niL (9S% C1 = 6.6 to 8.3 pg/mnL) in 137 of she ovary and crowing recovered cells in a mixture of medium 199 and
control subjects (P<.001, after adjustment for the subject's MCDB 105 medium supplemented with 10% fecal calf aerum (Sigma Chemical1
age, year of collection, and specimen quallity). In 14 of 16 Co.. St. LouiS. MO) 2s decwribed previously (6ýL The following sevei normlal

HOSE cells were used: HOSE[ 7. 110SE636. H0SE642. HOSE697. HOSE? 13.case patients with both preoperative and postoperative 3e- HOSE726. and HOSE730. Ovarian cancer cell line4 were c~tabkashed by recov.
rum samples, postoperative prostasIn levels were statstically cr fro ascites Avuid or expiantcd frnm solid tumor isa decrbed previously 16).
signlifiantly lower than preoperative levels (P =.004). In 37 T7e followinc 10 ovarian cancer cell lines wcre used: OVCA3. OVCA42O.
case patients with nornmuclnous ovarian cancer and In 100 0VCA429. 0VCA432, 0VCA433. OVCA633. CAOV3. DOV13. MIST, aind
control subjects for whom levels of CA 125 and prostasin SKOV3. All of the cell cultures; and cell lines were eustalished in the Laboratory
were available, the combination of markers gave a sensitivity of Gynecologic Oncology. Brigham aind Woman'it Hospital. with the exctption

of 02% (9596 C = 79.1% to 993%) and a felrety of 04%
(95% CI = 87A4% to 97.7%) for detecting ovarian cancer. .ffihlatiotu of asahors: S. C. Molt, 0. K. Yiu, Department of Obo.etriui.~
Conclusions: Prostasin Is overexpressed In epithelial ovarian Gynecology, a&M Reoductive Biology. Brigham and Won-en't Hospital. Har-
cancer and should be invostgated further as a screening or vard 14odlicul School. Boston. MA: J. Chao. Depinnmenr of Biochemistry and
tumor markr, alone and In combination with CA 12S. [p Moleclar Biolocy, Medlical IUoiveraitiy of South Carolina. Clusricstoa: S. Skcates,
Nat) Cancer bust 2001 ;93:000-O01 Oitten Ccnscr for Wunen's Cancer. Dana-Fatter Cancer Institute, and Dknsau-

tisfics Center. Massahu-Atts General Huipital. Boston: K. Wong. Depantncnc of
Ptelatrict. Texas Cbiddsen's Hoipittal. Baylor Colicc of Medicine, Homson. M.

OveAran cancer ranks closely behind pancreatic cancer as~ the (;- Mato- IL. S. Berkowiut. D. W. Cramer, Depaanmeat of Obstetrics. Gynecol-
fifth leading cause of death from cancer In U.S. women and is ny ar.d "eroductive biokigy. Brigham and Womewi's Hospital. Haivand Modi-

the most letha of the gynecologic cancers (I). The majority of ee S111,1coo. dGicuCnerfxWnasCcr.aa-aeracrI-
women *with ovarian cancer are diagnosed when they have dis- Cmerrpotsdrace to: Samuel C. Mo, MtD.. Labostorasy of Gywiccolotle Ons-
tant diweas, and the proportion surviving after 5 year is around colon agy.ribun &ad Womena$ Hospigal. 221 Loqwaaod Ave.. BlU 449. Boston,
29% (2). Alternatively. for the minority of women diagnoqed MA 0215 isemall: aemok1cIis~bwl.lwvrvuzLedu).
with the disease confined to the ovaries, the proportion surviving see "moors following "Rercrcmea."
aftW 5 yarm is about 90% (depending on thetumor grade). Th1m v oxd Uatventlty fre=
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aliodiscovery Inc., Los Anceles. CA). with ";nip ;ywoeeoogic diseases, and 71 with nso known gywicologic ds-seaiea)

Real-Time QuAntitAtive Reverse Transtription-Polymerase In all of the case patients AMd its the U1 coMtro ,rsbJOt Who hud "riurgry.

Chain Rec~cton sanc~uv £tpClttifl were UarOula0. Sue-aw level' of imrmucnoaesiva ,-nmfi

prossa~on wvert: deterrsiiased by enzysye-linktrd *am~nwAsraotert Itit ay (MLISA)

Real-dine treverse: traltiitriplon-polyalbCuaS chain reactinn (RT-11Cit) waao peepredtii with thre previouisly described Antibody to hutman puatauliin f II). Mi

gserfortned itn duphieatc by utsing primer sets specific for the overcstpirtatd iin erotiser plote" (96-wtll) were coated with arnll-prristaaln immumogloabulits G
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I!C Pt WL~n. 1S. "6 .Ft 11H cr. ht~ 4 'C. Nri r~e P: p.1 In 5 srl 0 \1tJ r; C3tw- 11 l C(;trc r. ii]: I rto 1!).F s, nd
( -1 0 At,) Of L w JM' t.ýc. Ad to ind~ t'OI v ue1!r 1 nao 1o icr~ of Id CO vrb~tr~:c r previousIy, (12). Arlle u thng 1l!!. bo:'tprs- (t

,, !of pl.osphj -b,,ffrctcd i.lutc coun ogin 0.05 5. T~cco 23 j!4, 0 5'; cc I-,( . t t it.)n and to ',l'nt in eno7Cdo Acrotory pro~or n, -hizii tonny >)
(diiutioa Llurflr) and Inco&n':rd 1( 371 C Pir 90 miv~ý bijun lizz awi

lirmau~r provtxnr lgG wat addý-d in eic:h well at a concenu-itior of I .ghi, t, po~crnala scnimi niirkcr;. Another gcrne, creacinc2 kirlose R, ha; ý
1-of I M l,t a-innod at 3? 7 C C.., 60 n-nu P.Fcoý.d. - li . A b-c-cn chou~rt to produce, n serumt rnTiorket- ia.¶4ocnted -~itt rin

rrccntmrviotr of I s_,Lrn1. in A real voluine of 100 ILL wa 3dd~d in Mcu!tdcd ctircinoina and lunp cancer (13,14). We skcrcccd lbe prostasin
ii 7 C or 0 auet Th cio ractor w.~ cromcdby iiiuc o echu~tt gene, w.itht a Cy3/CyS rutio of 170, for furither study brccau c this Vt \

100 ILL of frethly precpircdi auihurate tolutnot fi).03% 2.2' .icio-b iq)3 gene had an available antibody Assay.
etttylbnthiartholine-6-sWlotiic 3cid) and 0-03% IHO, in 0.1 A( "dum citrite To evaluate (thc differential expression of' proStisin itn ifdi-
[pit 4.3)] anid incubating the rrimurc dt room ternpteritutc fur 30 minutes. The vda o-a n ainn vra p~dilcl ic rr

p!Atcs were read wt 405 nm with aplatec rcud:r (Titenck Iniuuumcnt, InC.. Mi duil no-a-nnilgan vra pteia ellnsfo
'ilo AL). norma aI nd neoplartie twvarie, we Ptrformoad quantitative PCFR

Fcor 37 cite padientý with toainucinuu otvaritan can~cers and for 100 control analysis on four normal H QSE cultures and on 10 ovarian cancer
i.UbeC~tS (about 70% of all Sibjicch). . CA 125 leveli intl )cn defortninad celtl lines. (Tibeft I). The 2,, .rYQi U ý,3-i~c rep renents relativc
pitv .ouoy (from the litre ip~ecimcnýl end was available in our ditsbasc for a2 prostasin gcne expression, ~i~dfrom 120.3-fold to 4 10. 1 -fold
contpaiiorr standard. Thete iciuitremcnO Kid ben performed with (]ite origitnal gteatcr for ceven of thre 10 ovarian cancer cell linc.4 compared

(o :FWA t for thdi ismostudy.fo ctcr(avr.PAai h 535wr wii-h that for H0SE697 cells, but it was only marginally greater
not epc~e~ forChi Stdy.for the Other three ovarian cancer cell lines (ALST, DOV 13. and

Statitica AnaysisSKOV3). Overall, there- wasý a b~~s1jl iclly signiftcani.--
diffeirence between Lhe moan 21 ".' atuen f~ or th1766V~nrmII7In

Univnrtate comptr~orrr for qvrnitiative vaeijtble, between ntormalt ad ca2ncer cell lines compared with those)"c.~1l 10 ovarian cancer lines
cell tines or between caxs And control seni were made by using5 Sittdent'si Itrat (P< :0O 1).
For~ the arnalytic Of sei-UM level%, Adjustmnent for poientid cotnfouttding variables, For further validation of the expression of prostasin In actual
,ucnt it the subject's agc. yceir of collection, aund whether the 3Nclnwnt had tumor tic~uo, iections from two normal ovarie3, from two seroui
,ridcegeroc frcezinC anid rtraoinC. -ai carried Otit by using ýeoecral tittear rmod- borderline ovarian tumors, and from two grade 1, two grrade 2,
r~ttg. tLoeivtt regressionarinilydi i. wv% d to determinie the itatiý(tcul signiri-
:Jncc of both prostatin AndCA 125 4t predictor of cite slttoi. Piired Stud nt'% and two grade 3 scrous ovarian cystadeniocarcinoimas were in)-

tt ut ued to cottipare thre chrnrgc itt pocrtoprative prostoun levelt ftom munostained with an anti-prostasin polyclonal antibody. Stron-
crn.rP-rtioc levels. Pejirion Corn-lrrtiut conft'Icientr were enirulatol 13--ee CA gem cytoplacrmic istaining was datectad in cancer coils thtan 'in
'5 nd rrorS06in. tteeIUte the diwtibutionti of prostasilt mrd CA 125 ocrt normal HO0SE celk, suggesting that progtasin is overexpresscd
.rcd f-o~itiicly, log -trans formnedl vulucs wecrc utcd int tho sitoitticol tr~t. All by thre ovarian cance, cells (Fig,. 2). Proctar.rn wa',hoee, abs
the ,lutwere performed .- ith rthc Stjlinlical Arilyist Syitem (SAS dcci1nnnnlo nntru btnnu.\ting

.strtur.n Cary,. NC) or Splus (trtsrghtful Corporation, Seauttl. WA) Artalyic &t-t- nteildoain iscb nmintii

t1r P valtie of .07 or less were crrnifdiel to be statitittalty jnrlC~ntlt Atl We anoxt uoxmindd proetosir levele dotectod by ELISA in terna

'Ouitwitd utel were two-irdel, and oll con~ldepee ,rrtcrvinls (Cis) ir 95 from cast: patients and control suibjccts (Table 2). The mean (and
95% Cl) prostasiit level for all Of the Case patients was 13.7

R ESULTS i±g/mL (95% C] 10.5 to 16.9 [Lg/mL) compared with 7.5
1 ±g/mL (95% Cl =6.6 to 9.3 ll.g~niL) inl all of the cont-rol

Fig. I shows a selected portion of the microorray analysis of subjects. Based on log-transformed values, this diffeirence was
'tooled RNA irolated from three normal H-OSE cell linec (to- ;tatisticanlly significasnt (P4.001~) 'and perciiswd After Adjustment

'cled with the fluorescent dye Cy5) and from three ovarian for the subject's age, year of collection, and quality of specimen
:ancer cell lines: (labeled with the fluorescent dye Cy3). Thirty (poccible fr-64aae-thaw dakmige). Among case patients, there Was
>tncs with Cy3/Cy5 signal ratios ranging from 5 to 444 were considerable var~iability by stage; however, notably, wome!n with
I dentified. suggesting that these genes were overexpressed in stage 11 disease had the highest level Of prostaSin, Suggesting that

HOSE OVCA

Fle. 1. Mkiruvormy arwdyris aasint; pooled RNA isolated foam
tirce ttormidu hunun ovarian su-face epitinelitJ (HOSF) cultnret

trid three ovarin cancer MOCA) celt linci. Arrows indicite
,pots on two micro..rrays thit correspond so promtuin. A total of
.ý0 genes have a Cy3tCy5 signal ratio of ý'5. The Genliank
tccessjon nuttbers of these genes; ire as fotlows: M3301 1
,'04765. LAI 351. L19783, U.96759, M57730, L33930. 1D55672,
1.1971l11. 1-10871. 104991. D)00761, U17989. U43149.
AFOtO2I2, M1111244, XP0902, lJOSSO, L47647, M5521114,
X(15722, S54005. AD00965. MU-1651. X11597. Ml8112.

U56816. X06233. D951111. &And M31627.

Prostasin
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*~-jc / ,~h /1 ,i inFc'. ,.-

cpi~hk631 celk u11rin- f~hrold tunio's End itie other h-nd an exwtnsive fainily

Cr 7 history of o~anerm ctinccr and hiad bcco rcfcricdj to a Kynecoololci
i9 OncolOgist bccausc pelvic washing~s it laplroscopy contained

Cell lier Proscalu'i GAPDI{ ACr .SAC, 2~ -1 ,U 'cois mexotliclini cclii. Shc we, found to havc cxtcn.Ovcý

H05069 30.97 17.09 138 0 c ndosalpingiosis at prophylnctic oophorecborny.
110SE713 )1.57 1R.32 1 M -0.63 .5 In 16 womnen with nonmucinous clpiffclial ovarian cnnccrs,
110SE726 30.49 17.26 13.23 -n.65 '. 6 pircoperative and postoperative specimens were availdble. o

OE3 02R is9 122 -. compari.,on (Fig. 4). For 14 of Olesc women, a decreasýed pros-
CAOV3 23.2 16.24 6.96 -6.92 121.1 tasin level was observed after Aurgcry. ind, in the entire group of
DOVI3 2Q.79 17.61 1114 -1.74 Y.3 16, potitoperative P lcvels WMr 31,4ati~tIclly significantly loAwer
OVCA3 24.07 P7.91 6.16 -472 210.9 compared with preoperative levels with the use of a paired ttest
OVCA420 25.65 18.68 6.91 -6.91 1 20.3 o h o-rnfrndvle P=.0)OVCA429 24.21 17.57 6.64 -7.24 131.2 o h o-rnfrc aus(' .0)
OVCA432 23.51 19.31 5.3 -8.68 410.1 Fig. 5 displays a bivariate plot of prostasin versu~s CA 125 for
OVCA4.11 25.2 10.01 S.20 -5.50 395.3 thc 37 ca~c paticntsi with nonmucinous ovarian cancers and for
OVCA633 24.273 it.K 5.67 -9.21 296. 1 the 100 control subjects who had both measurements available.

SKOV 3067 9.3 11.4 -. 54 5.8 For (he case patients with nonmucinouq cancers, the correlation

*AA,=ACT relativec to f10SE697 (4Cy for wigci gcnc in H0SE697 cells was .217 (P = .20). For (he control subjects, the corrclacion was
- ACT for 1.rget tCe n e st Sc.: . linC). Cy - tivcshold cyclc: 6C,. -Cr r~ -. 00-4 (P - .97). This lack of correlation sugtest-s that the two
targci ;cne - Cr for the GAPDIl genc: 2"C' - niessure of the ovcexprt-ion may provide complementary information. Indeed, as shown by
of po~udn rclativc to HOSE697 cetlli the cur-ved l1ine in Fig. S illustrating thc separation that can be

tJ4OSE -hunun ov'Afl21 iutlfjee cpithclial. obtained between case patients and control subjects with both
vuriable~s, the comibinied mdrk-cro achieved A scrisi~tvity of 34/37

prostasin may be of use for early-stage detection. It also a,- =92%' (95% Cl 78.1% to098.39%-) and a specificity of 94/100
peared that women with mucinous-type ovarian tumors had 94% (95% Cl 87.4% to 97.7%). In contrast, the sensitivity
lower levels of prostasin than women with ovarian tumors of of CA 125 alone at the samec specificity was 24/37 =64.9%11
other epithelia) types. Among control subjects, there was a sta.- (95% CI - 47.5% to 79.8%), and the scrisiti~ity of prostasin
:ýistically significant tendency for the archived specimens t0 have alone at the sime spe-cificity was 19/37 = 51.47o (95% Cl
lower prosiasln levels than the current spcimens (/'<.00 1). but 344'; to 68.1%)
the-re was no evidence for ant effcct of age nr diagnostic category D~csIo
,I.e.. normnal tissue, benign gynecologic disease, or other gyne-
cologie cancer). In addition, 60.5% of the archived case speci- Using microarray technology on RNA pooled from ovarian
mens and 66.2%'/ of the control specimens had been in the frcczer cancer and the HOSE cell line, we have identified an overex-
in which freezing and thawing had occurred. Thefe was no cvi- pressed gene that produces a &ecretory product, prostasin. We
d.-nce of a tendency for these samples to have lower prostasin have, demonstrated Prostasin-s potential as a biomarker through
levels (Table 2). reol-time PCR in cancer and normal epithclial cell lines and by

Fig. 3 shows a box plot of serum prostasln level for case differential staining in cancer tissue com~pared with norma] tis-
patients with nonmucinous ovarian cancers and for the various sue. Finally, we demonitrated higher levels of serum prostasin in
control subgroups. Concerning the two cootrol subjects with case patients with ovarian cancer than in control Subjects and

A

H1g. 2, Immunolocatia.tiort of prostasirt in norma~l and =di-sI~
nant ovaitanl tissues. Ncrmal ovarian iurface epithlS~ial cells
(arrowheads) (A) and a section of serousl borderlinec ovarian a
tumor (5) showed tow levels or prostaxin expression. Increased
levels of prostazits expressiod were observed in a grade 3 tumor
(C). A positive signal wat not detected in tise cage 12mple
ihorwn in panel C when prcimmune rabbit serum wit'. used (D).
S w tomia. Scale sair 110 gm.
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Tntlc . Prco <retive procetai~ lcvck b), ickceid clvariccriiiicý or case pmtce, it h ovridn cinccr and ca•crol subjc'cl withoul ovarian cancer*

Proslsin level. v.rmL

Case patentl Control subjecu

Charactcriic No. Mcan 95% CI Range No. MWan 95, CI Rnc

Ate. y
<55 27 9.1 7.2 to 12.5 2.8-30.3 15 7.4 6.1 t 1.7 2.5-41.7
;•.S 37 16.5 11.3 to 21.6 1.9-74.9 52 7.6 61 1o 9.3 2.7-14.2

Speciniiicnait
Ach;wvd I9R3-1996 21 13.2 6.1 to 19.4 1.9-74.9 44 5.4 4.6 (o6.2 2.5-13.6
Archivod 1987-lORA 10 ..1 3.6 to 10.5 3.1-12.8 42 7.4 6.4 to 1.3 2-1-17.5
Cucrent 26 16.4 12.2 to 20.5 5.7-43.9 51 9.3 7.4 to 11.2 3.)-41.7

MHI~ol* 1y#

Serous boedc-rnc 7 7.6 4.1 W I1 I. 3.6-12.A
£crou.. Invallve 34 16.2 11.7 to 20.6 1.9-47.6
Mucinoul 7 7.1 5.2 to 9.0 " 2.9-9.7
Other 16 13.9 5.0 to 22.8 3.7-74.9

$taect

2 19 1.5 5.w to 11.1 2.-25.4
1 0 20.1 3.4 (o 34.8 3.1-74.9
fit 31 15.3 11.3(0 19.5 1.9-43.9
IV 4 8.8 3.6 to 14.0 5.7-13.1

Di••nosliC c-41cCrOY
Normal GYN 71 7.1 6.4(o7.9 2.5-17.5
Dcnlgn OYN 42 R.3 5.9 to 10.7 2:5-41.7
Othcr GYN canccrs 24 7.0 5.9108.2 3.1-13.6

All subjects 64 13.7 10.5 to 16.9 1.9-74.9 137 7.5 6.6 to 8.3 2.5-41.7

Cl = confidonea intcovrl: GYN = gynccolofic.

tOf the Archived specimens. 23 (60.5%) or 3R ca -'ipccimens were subjectcd to freezing and thiwinc compared with 57 (66.3r) of 16 control cpeeincnec. The
morn value (or caew ipccimens with a f'eeet-thaw epibode wq. 14.4 kC/mL compared whh 7.9 tg.mrL wihhout. The mran value for control Cilejtms with a
freetze--haw cpiodc was 6.5 s/mL compared with 6.3 j.g/mL without.

succ I dikto,• is crnfined to ýe ovaril: ture n ii confined to the pclviv sic M11 has spread to the bowel, omentum. or aubominsl peritoneum: and stage IV
in•vovct distant mct&.s1asc including liver pzrcnchyma.

FIg. 3. Box plou of log-trantfomed prostusin lkveh in ca€c -as
paticau widt atoomucinous ovaean can€er and cuiwrol subjec ..
£ubgroupt. Tha bt Ik bovundad above sAd b4low by the 2S%

&Ad 75% percenfilcs. the med&An ist(he 21nW In the box. a&M the
upper itad lower error bars indicate about 99% of valuest.
GYN '- ynecologlc cases. 1 o- T

Noa-Modam Normal GYN; Bealit GYN Other CYN
Case& (N-71) (N-42) C--cqn

(NcS7) (N-2z4)

declining levels of prostasin after surgey for ovarian cancer. the seminal fluid. The high levels of prostasin found in the
Prostasin wis isolated originally from human seminal fluid and prostate gland and In seminal fluid suggest that it may perform
Is presewn at the highest level In the prostate gland (10 Imrnu- important physiologic functions during fertilization. such As liq-
nohistochtnical studies (15) have demonstrated that prostasin is uefaction of semen or activafion of other prottiases such as
localized in the epifthelial cells and ducts of the prostate gland, acrosin. Pmasusin is also expressed at much lower levels In a
and It is postulated that prosmasin is synthesized in pmrosic variety of human tissues. including kidney, liver, pancreas. salt-
epithelial cells, secroted into the dact, and finally excreted Into vary gland, lung. bronchus, and colon, but its functions in these
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Fig. 4. Comprica'kn o( pr.=crdve Md poalopcradvc prosrain 3
Ikvc1 In 1d case¢ paZtlC. Int wlt ¶ var'L~ Cancer, a. •
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0

PrM-Operative Post-Operative

Ovarian Cancer (non-mucinous) 3Y a
Normal Controls ,3 3

so BeN on D iseas e 13 .
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Fie. S. Correlation between prsri.dn and =L 20
CA 125 (on luogrithmic scaics) in case pa.-
ticnte with nonrmucinous ovmalu tumors c ut
and in control subjects. Curve illustrase 2 10 ., G 0,
thc soparationtthat cmt be Achieved bctwecn A G, 4 e.

cac paitcnts and control subjects by '1 Ia- . Z*
gittic model uing both CA 125 and pro1-b

a 'ý. ;a .

2

5 10 35 100 500 2000

CA125 U/mI

tissues have not yet been determined (15). Curiously, proa.ain prostate epithelial cells, from which it is released by cleavage. In
has not been detected in the testis or ovary, view of prostasin's homology with other serine proteans, it is

Chemically, prostasin is a trypsin-lile scrine proteinasc with not surprising that several serine prteases are elevated in pa-
an apparent molecular mass of 40 kd (11). The 20-amino acid tients with ovarian cancer, these protease. include certain kal-
sequence at the amino terminus of prostasin is 50%-55% iden- likreins such as proteast M/kallikrein 6 (19). prostate-specific
tical to that of human o-tryptase, clastase 2A and 2B, chymo- antigen (20), hepsin (21), and testisin (18). Our current under-
trypsin, acrosln, and the catalytic chains of hepsin, plasma kal- standing of prostasin does not provide in explanation of why It
likrein. and coagulation factor XI (11). Uke the enzymatic or other serlne protcelnases might be overexpressed in ovarian
activity of other serine procelnawse the enzymatic activity of cancer.
prostasin is dependent on a catalytic triad of the amino acids Although we believe that we have demonstrated piostain's
histldine, aspanic add, and erine (15) which are present in potential value as a blomarker for ovarian cancer, this study has
motifs that are highly conserved among wi protieinAw (16). several potential limitations. Firt, our sample size Is relatively
Similar to acrosin and testiin (17.18) prostasin is likely to be a small and no ideal for demonstrating the value of proslasin as a
memblrane-anchored protein because there is a putative trans- screening marker. Although all blood samples were drawn pre-
membrame domain of 19 a&mlo acids at the caiboxyl terminus operatively, all of the women with ovarimn can=er had synip-
that is believed to anchor the protein to the plasma membrane of tomatic diseae and about 55% had stage Ml disease or greater.
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III add It Ion, a m rjorioy of diie scra were obtain~d from Ln ar- ( P Rýs L.A. Vomry CL, t-Lntcy BlF. Miller BA,. Ed-3-dl RK. SEEP, e,,nccr
chivcd bank, and soi of the sficimensr had undrrgone frcczing r-iew 1973-1995. Bril<cd, (MD)): National Canrcr tonsituir; 1995.

and thawing. We obcci-,!d no Lendency for freezing and thA
4 ing (1) Golub TR. Slonini DK. Tarn~yo P. lluard C. Cusivcnt~cck m. mc.wrv 1p',

to produce lower prosmnsin lcvels; however. there was evidcncc ct al. Molecular clutssiticairon of ccrcr. 04ss discovery and clai predic-
Pha .pcm-t kdp ntefc~rlnerm aehdlwr ton by rcnc expre~sson monutorinC Science 1999;IR6:53 I-7.

thatspeimes kpt n te feczr lnge m~ hae hd lwer (4) Waiq T. flopkin" D, Schmidt C. Silv-t S, 11outhton R.. TAkita 11. ct ki.
values for prostasin. For this reason, wve adjusted for length of Identification of genct diffcrcmuiizlly oa r-cupmtscd in lung squitnout cell
freczer storagea in the multivariate moddl, and this adjustment did carrinocivi u~ing Comnblftattlon Or CDNA Subtr.aCton and mlcru;Lrnay tnaly-
not negate the difference, between Case Patients With ovarian sis. Onico~Ctne 2000;19 *lISQL-2a.
cancer and control subjects. Our sample did not address prosta- (S] Sgroi DC, Tent S, Roblinton G. Le~angie R. Hudson JR Jr. Elkahlnen AG.
sin's potential as a inarker for tumor re-currence beccause sera In v'ivai gene cxprc.,nion profits analysis or huninai breast cinccr progre..-
preceding recurrences were not availkblei. Finally, we cein only %ion. Cancer Res 1999:59:5656-61.
partially address how prostasin might be complerntnary to other (6) Tito SW, Mok SC. Fey EG. Flctchcr JA, Wan TS, Cliew EC, et al.

Chirac icliza ton of human ovarian surface epithchli cells immortalized bymurkerc for ovarian olancer. It may be complementary to CA 125 humaun pipilloma viral oncoGenes (HPV-E6E7 ORFs). Exp Cell Rci 1Q95;
as suggesterd by t~he low correlation between the two. 219:499-507.

We believe that our ctudy also demonstrates dun paicitntiod (7) bast RC Jr, KJuc; Tl St Joan E, Jenison r_ NflorriJM. LAnaOil H. ct a!. A
value of mijcroarray technology to identify tumor biomaricers radiointvnumsa~ty sasing a wrarncl<%nal aintlbody to monitor the course of
that may have clinical usefulness. In this study, we used the- eputhelial ovarian cancer. N Enegi ) Med 1993:3N:9983-7.
M[CROMA.X cDNA microan-ay &ystcm that contained the 2400 (8) Biakt PC Jr, Klug TL. Schaettl E. Lavin P. Naloff IM. Greber TF. cl al.

getac with known function at the time of tha dlevdlopment of this Monitoring hum~an ovarian carcinoma with a combination of CA 125. CA .'

chip (13). We selected thiis chip be~cause it was the only chip i~t9 and cacricniacbryonic &Mucn. Anm I Obstte Gynecol 19R4;t49:552L-9.-
avallable at thei timo that we began this resen-rch. Subseqluently. (9) P.v C Jr. Si'sAt FP, Runowicz C. Klug TL. Zurawski VR Jr. Sclnonholz

D, el a!. Elevation of serum CA 125 prior tocl din u~s of an epmuhclial
microarrayy with an even larger collection of genes or ex- ovarian car-cinomag. Gynczot Oncot 1995:12:11.5-20.
prea~ion-seqluencing taC3 have become: dvaildble, such Q3 the (10) Hcid CA. Stcvcns 1. UvAkz KJ. WilliamIs PM. Real1 time quanhititive PCZ..
GcneChipT"1 U95 Set (Affyinctrix Inc., Santa Clari, CA) and the Genomic Res 1996;6:9RC-94.
GeneAlbumT'," GEMTWA 1-6 (IncytcGenomics. San Francisco, (11) Yu JX. Chao L, Chao 3. Prosiasin is a novel human Yernne proceinasa from
CA), which represent more (han 50000 genes or expression- (cuuinlfllnuid. Parification. iiS~ue discribution. and localization in prostate

sequencing teigs. Ddsiddc choiceu of the microurrey chip. en inn- cland. I Biot Clicm 1994:269:18843-8.

portant technical issue. is the source of the tumor end the normal (12) Wong KK, Clieng RS, Mok SC. tdcntirwoauon of differeniially elprrcs~ed

eDNA for comparison. In thic study, we pooled ctM'A from g iens from ovaiait cancer cdlUi by MICRONIAX cDNA rnicmatrruysyi-
tem. Bhotechoticluc 2001-.30:670-5.

several cancer cell lines and compared it with eDNA from nor- (13) Kunz KJ,Nicl~en RD. Scnam crcAtinc kinsuc, BB isocnzymc as 3diaCRiostic
mal H-OSEJ cells. The principal advantage of using cell lines is lid In Occult $mail cell lung cancer. Canicer 19S%56:562-6.
that thcy provide an abundant source of RINA from the precise (14f) Tukanhi MI. Zhu Y, liaseliwa S. Kato K. Serum creAtitne kinase E subuoit
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Whole Genome Amplification and High-Throughput Allelotyping Identified Five
Distinct Deletion Regions on Chromosomes 5 and 6 in Microdissected

Early-Stage Ovarian Tumors'

Vivian W. Wang, Debra A. Bell, Ross S. Berkowitz, and Samuel C. Mok2

laboratorv of Gynecologic Otcology. Division of Gynecologic Oncology, and Department of Obstetrics, Gynecology and Reproductive Biology, Brighanz and WVomnen's Hospital,
Dana Farber ftarard Concer Center: Ilana'rd Medical School. Boston. Massachusetts 02115 / V. W. K., S. C. A., R. S. B./. and Department oJ Pathology. Massachusetts General
ftospital, Dana Farber Harvard Cancer Center; !tarvard Medical School, Boston, Massathuseuts 02114 ID. A. B.]

ABSTRACT (6-9). Neoplastic and nonneoplastic cells are always mixed to some
degrec in most tumor lesions, necessitating the use of a variety of

Investigation of genetic changes in tumors by loss of heterozygosity is a microdissection techniques to separateit the umor from normal cels

pow erful technique for identifying chrom osom al regions that m ay contain (10 -12) .S uc h strtehn iq e i mp r ate the specificity n ormeduce lls

tumor suppressor genes. In this study, we determined allelic loss on (10-12). Such strategy will improve the specifiity and reduce the
chromosomes 5 and 6 in 29 primary early-stage epithelial ovarian carci- amount of target tissue required for analysis.

nomas including 3 microscopically identified adenocarcinomas using a In the present study, we have successfully established a protocol
high-througlhput PCIR-based method combined with laser capture micro- combining LCM and whole genome amplification to determine LOH
dissection and whole genome amplification techniques. Twenty microsat- profile in small quantities of archival tumor tissue samples. Using this
ellite markers spanning chromosomes 5 and 6 at an average distance of 20 protocol, we performed a detailed LOH analysis in 29 early-stage
cM were examined. High frequencies of loss on chromosome 5 were epithelial ovarian carcinomas, using 20 microsatellite markers span-
identified at loci D5S428 (48%), D5S424 (32%), and D5S630 (32%). Our ning chromosomes 5 and 6. We also correlated LOH with clinico-
study also showed that chromosome 6 exhibited high frequencies of loss of pathological features in these neoplasms.
heterozygosity at loci D6S1574 (46%), D6S287 (42%), D6S441 (45%),

D6S264 (60%), and D6S281 (35%). These results suggest that multiple
tumor suppressor genes are located on five distinct regions on chromo- MATERIALS AND METiIODS

somes 5 and 6, i.e., 5p15.2, 5q13-21, 6p24-25, 6q21-23, and 6q25.1-27, Specimen Preparation. Sixteen frozen and 13 Formalin-fixed, paraffin-
and may be involved its the early development of ovarian carcinomas, embedded ovarian cancer specimens were obtained from the Division of

Gynecological Oncology, Brigham and Women's Hospital, and the Depart-
INTRODUCTION ment of Pathology, Massachusetts General Hospital. According to the Inter-

national Federation of Gynecology and Obstetrics criteria, all 29 cases were
Ovarian cancer is a common gynecological malignancy. Because stage I epithelial ovarian cancer (Table 1). Among these 29 cases, 3 were

ovarian cancer is often asymptomatic in its early stages, most patients microscopically identified microinvasive carcinomas. The diameters of these
have widespread disease at the time of diagnosis. Consequently, microscopic tumors were 1-8 mm. Based on the WHO criteria of histological
annual mortality is approximately 65% of the incidence rate (I). classification, 14 were serous, 5 mucinous, 3 endometrioid, 3 clear cell, and 4
Furthermore, patients with early stages of the disease can usually be mixed adenocarcinomas. Twelve cases were well-differentiated, 5 were mod-
cured. In recent years, the genetic basis of human tumors has been erately differentiated, and 12 were poorly differentiated tumors. Six-microme-
increasingly elucidated. A growing number of studies have shown that ter sections of frozen or Formalin-fixed, paraffin-embedded tissue were cut and

the molecular events controlling tumorigenesis involve abnormal cell mounted onto plain glass slides. Paraffin tissue was deparaffinized by incu-

growth promoted by activation of proto-oncogenes and/or inactivation bating the slides in xylene for 2 × 10 min and rehydrating in absolute ethanol
for 2 X 10 min, in 95% ethanol for 2 X 10 min, and in 70% ethanol for 2 X 10of tumor suppressor genes (TSGs) 3 (2, 3). Identification of novel min. Both slides were stained with H&E.

TSGs has been facilitated by LOH studies that have guided the Microdissection. Stained sections were microdissected using a PixCell II
localization of minimally deleted regions on chromosomes. In ovarian LCM system (Arcturus Engineering, Mountain View, CA). Tumor cells and
carcinoma, the search for LOH has resulted in the identification of adjacent nontumor stromal cells were visualized under the microscope and
several chromosomal regions which may harbor ovarian cancer TSGs selectively procured by activation of the laser (Fig. 1). Approximately 5000
(4, 5). tumor and nontumor stromal cells were dissected, respectively, in each case.

The majority of studies on genetic alterations in malignancies rely Dissected cells were collected into 50 Axl of cell lysis buffer (IX expand
on post hoc analysis of tumors identified histologically in sections of high-fidelity buffer from Boehringer Mannheim, Mannheim, Germany, con-

fixed, paraffin-embedded tissue. Often, the quantity of material avail- taining 4 mg/ml proteinase K and 1% Tween 20) and incubated for 72 h at
55°C. The proteinase K was inactivated by heating at 95°C for 10 min prior

able from paraffin sections is limited, particularly if a tumor lesion is to C.
to PCR.

in early stage. Moreover, LOH studies usually require multiple mark- Whole Genome Amplification. Whole genome amplification was per-
ers. To overcome such limitations, whole genome amplification strat- formed by an improved PEP described by Dietmaier et al. (9), with modifi-
egy using PEP has been devised to increase the quantity of target cations. Briefly, 50 lt of PEP PCR mixture consisted of 0.05 mg/ml gelatin,
DNA obtained from small samples to facilitate multiple loci analyses 40 1.M 15-mer random primers (Operon Technologies, Alameda, CA), 0.2 mM

of each dNTP, 2.5 mM MgCI2, I X expand high-fidelity buffer, 3.5 units of Taq
Received 11/22/00; accepted 3/14/01. expand high-fidelity polymerase (Boehringer Mannheim), and 10 td of DNA
The costs of publication of this article were defrayed in part by the payment of page sample. Fifty primer extension cycles were carried out in a Perkin-Elmer 9600

charges. This article must therefore be hereby marked advertisement in accordance with thermocycler (Perkin-Elmer, Norwalk, CT) after an initial 94°C, 3-min dena-
18 U.S.C. Section 1734 solely to indicate this fact. turation step. Each cycle consisted of I min at 94'C, 2 min at 37°C, a ramping

1 This work was supported by Army Ovarian Cancer Research Program Grant DAMD17-
99-1-9563, the Adler Foundation, the Morse Family Fund, and the Natalie Pihl Fund. step of 0.1 0C/s up to 55'C, a 4-min primer extension step at 55°C, followed by2 To whom requests for reprints should be addressed, at Department of Obstetrics, 30 s at 68°C. The PEP reaction products were diluted by 3-fold and used as
Gynecology and Reproductive Biology, Brigham and Women's Hospital, Harvard template DNA for LOH analysis.
Medical School, 221 Longwood Avenue, BLI-449, Boston, MA 02115. E-mail: LOH Analysis. The 20 yicrosatellite markers used in this study were
scmok@rics.bwh.harvard.edu.

3 The abbreviations used are: TSG, tumor suppressor gene; LCM, laser capture obtained from the Applied Biosystems Prism Linkage Mapping Set LD-20
microdissection; LOH, loss of heterozygosity; PEP, primer-extension preamplification. (Applied Biosystems, Foster City, CA). The average interval of the loci was
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Table I Cliii'opatholo'ic foatttr-'s of 29 ovarian tremor," stutdi'ed

Tumor Clinical Tumor Survival
Tumor code Age (yr) Histological classific:ation graide" Stage' size (cli) duration (mo)

309 74 Endometrioid 1 1:l I 1
333 59 Serous I Ic 15 88
355 36 Endometrioid 2 Ic 2 13
385 50 Mixed (serous + mucinous) 2 Ic 5 98
398 52 Serous 3 Ic 12 86
403 66 Serous 3 1a 14.5 94
404 62 Mixed (mcoinss + endometrioid) 3 Ic 13 78
416 40 Serous I Ia 3 27
426 56 Serous 3 Ic 5 85
433 42 Serous 3 Ic 5 84
440 56 Mucinous 2 Ia 32 84
442 36 Mixed (endometrioid + mucinous) 3 Ic 9.5 19
471 43 Mucinous I Ia 4 65
484 54 Serous 3 lb 11 73
526 50 Serous I Ic -- 54
529 73 Endometrioid I Ib 10 --j
533 59 Mixed (eudometrioid + mucinous) I Ia 5 48
539 57 Clear cell 3 Ic 9 44
565 68 Serous I Ic 12 33
627 58 Serous I Ia 3 1
689 43 Serous 3 Ic 13 4
700 78 Mucinous 2 Ia 19 1
3317d _ Serous 1 Ia 0.1 --
99N51 d Serous 3 la 0.2
97-7024d _d Serous 2 Ia 0.8
97G002 47 Clear cell I Ia 13 1
98G407 53 Mucinous I la 21 --
98G018 44 Clear cell 3 la 9 -
99G010 50 Mucinous 1 Ia 19 -

Grade 1, well differentiated; grade 2, moderately differentiated: grade 3, poorly differentiated.
Staging based on International Federation of Gynecology and Obstetrics classification.
Data not available.

"Microscopically identified microinvasive carcinoma.

about 20 cM. They consisted of fluorescent primer pairs end labeled with RESULTS

fluorochromes 6-carboxyfluorescein, hexachlorinated analogues, or NED that

amplify dinucleotide repeat fragments. Optimized PCRs were performed in 10 The informative rates of 20 microsatellite markers used in this

M' of solution with 1 A.l of PEP DNA, 0.25-0.5 /AM of each primer, 1X PCR study were between 52 and 90%. Representative patterns of allelic

buffer, 2.5 mM MgCI2, 0.25 mm of each dNTP, and 0.5 units of AmpliTaq Gold loss by fluorescent-labeled microsatellite analysis are illustrated in

DNA polymerase (Applied Biosystems). All reactions were carried out in a Fig. 2. Fig. 3 shows allelic loss frequencies on chromosomes 5 and 6.

Perkin-Elmer 9600 thermocycler. Amplification was started with 12 min at Fig. 4 shows common regions of allelic loss found. Among these

95°C, followed by 10 cycles composed of 15 s at 94°C, 15 s at 55'C, and 30 s markers studied, the highest incidence of LOH was at locus D6S264
at 72°C, and then 25 cycles composed of 15 s at 89'C, 15 s at 55°C, and 30 s (6q25.2-27; 60%). Other loci with frequent LOH (>30%) were

at 72°C. Amplified PCR products for multiple loci were pooled and run on an D5S630 (5p15.2; 32%), D5S424 (5q13-14; 32%), D5S428 (5q14-21;
Applied Biosystems Prism 310 automated capillary electrophoresis DNA 48%), D6S1574 (6p24-25; 46%), D6S287 (6q21-23.3; 42%),
sequencer (Applied Biosystems). The systems automated size determination, D6S441 (6q25.2-25.3; 45%), and D6S281 (6q27; 35%).
linear quantification of alleles, and computerized discrimination of true alleles. In 29 cases studied, 3 were microscopically identified microinva-
Data were initially processed using Genescan 2.1 software (Applied Bio- sive adenocarcinomas. Their tumor size was I mm (case 3317A), 2

systems). Result files were then imported into Genotyper (version 2.5, Applied mm (case 99N5 1), and 8 nmm (case 97-7024) in diameter, respectively.
Biosystems), and the data were tabulated according to allele size and allele LOH was detected in all three tumors at locus D5S630. Two of three
peak area. The data in this form were analyzed according to a standardizedrai, cases showed LOH at loci D5S428, D5S433, D6S287, D6S264, and
"normal versus tumor" template to calculate the normal:tumor allelic ratio. Dcses Total LOH at sowe a d to increas w t s

This was typically done using ratios of the allelic peak volume in a form:

(NI/N2)/(TI/T2), where N is a normal allele and T is a tumor allele (13). For which was 28, 39, and 53% in cases 3317A, 99N5 1, and 97-7024,

each particular marker locus, LOH was assessed in the corresponding tumor respectively. The LOH rate did not appear to be correlated with cell

sample if it was informative (heterozygous) in the normal DNA sample. LOH differentiation in these three tumors.
was imputed if the effective decrease in one allele was >50% (normal:tumor Table 2 shows correlation between LOH and clinicopathological
allelic ratios, <0.5 or >2.0). Individual results were classified into homo- features. The LOH frequency in these eight loci was >30%. Tumors
zygous, heterozygous with no loss, and heterozygous with loss.

A validation study of four cases confirmed that the study protocol reliably
detected LOH in archival material. The results of LOH determination from ier- i.c.M Attr t.C.,t1 Caup.red tus,,r vel

four cases at six loci with paraffin-embedded tissue DNA sample were in
agreement with those obtained with freshly frozen tissue DNA. The LOH
detection was repeated once to check its reproducibility. No difference of
repeated score of LOH was found in this series of testing.

Statistical Analysis. Statistical analysis of a possible correlation between
detected LOH and histological subtype, clinical stage, and pathological grade
was carried Out with Pearson's X2 test or Fisher's exact test. Probability value Fig. 1. Representative example of LCM of a microscopically identified ovarian serous
was two-tailed, with P < 0.05 regarded as statistically significant. adenocarcinoma (case 99N51).
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Fig. 2. Representative allelotype analysis of a microscop- 120C o C

ically identified ovarian serous adenocarcinoma (case 60C 2OC

99N51) at three loci on chromosomes 5 and 6. N, stromal O U X. 0C.

cell; T, tumor cell; A/, allelic ratio. Arrow, loss of one allele L

at locus D6S264 in tumor cells. 360C .20 6ac

300C 06C. 54
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180C.I
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were evaluated for LOH with respect to clinical stage, histological a single cell to an estimated minimum of 30 times and may allow as

subtype, and tumor grade. No significant difference in LOH in a many as 20 locus-specific LOH analyses on as few as 1000 cells (20,
particular locus was found among different substages, histological 21). This technique has already been shown to be useful in intact
subtypes, and tumor grades (P > 0.05). sperm cells (6), blastomeres (22, 23), and fetal nucleated erythrocytes

(24). Recently, Chung et al. (25) reported that PEP amplification

DISCUSSION

Over the past decade, it has been shown that LOH is common to
most solid neoplasms and that it allows the expression of recessive 05s008

loss-of-function mutations in TSGs. The detection of nonrandom oDs5on
LOH at a chromosomal region is seen to be prima facie evidence for nss,,n
the localization of candidate TSGs. Several studies have shown that
gene alterations appear to play a major role in the development of 050471 :

ovarian cancer. In an effort to identify genomic sites harboring po-
tentially relevant TSGs in ovarian cancer, several groups have studied oss4 . .

allelic loss on specific chromosomes. Recent studies have found oss428

allelic aberrations on chromosomes Ip, 3p, 5q, 6q, 7p, 8p, 9q, I Ip, oss424

13q, 14q, 17p, 17q, 18q, 21q, 22q, and Xp (14-19). In this study, we 05S418

chose to study allelic loss on chromosomes 5 and 6, which have been 05S419 7.
shown to have high LOH rates in late-stage tumors. We also corre- -_____'__,, _____..... ..
lated LOH with clinicopathological features in these cancers to define osslni
the role of allelic loss in the early stage of epithelial ovarian cancer 0

development. 0% 10% 20% 30% 40% o0% 80%

Detection of LOH requires a homogeneous population of tumor
cells, because any contamination by adjacent nontumor cells (lym- 0S.281

phocytes or stromal cells) would lead to erroneous underestimation of
the LOH frequency. LOH can reliably be detected in tumor samples DoS. ..

only if the content of tumor cells exceeds 70-80%. Ovarian tumor 06S441

tissues are often heterogeneous, containing nontumoral as well as
neoplastic cells. The technology LCM provides a method whereby 06S287 .
individual cells can be harvested from complex tissue. Because the
method is reliable and efficient, individual cell capture can be per- 08048

formed rapidly and distinct cell populations can be collected from -,

tissues. However, the screening of multiple loci in tumor cells isolated
from microdissected archival tumor specimens is limited by the num- os,6o ,

ber of cells available. Most LOH studies need DNA from -3000 to
6000 cells per genotype, making detailed somatic genetic analyses of DeS1674 . \. -, .. I SO

small clinical samples impossible (20). Because LOH studies must be 0% 10% 20% o 0% 40% 50% 60% 70%

done with multiple markers, preamplification of the entire DNA by
whole genome amplification would be very helpful. PEP is an in vitro LOH Frequency (%)
procedure developed to duplicate a large fraction of the genome from Fig. 3. LOH rate detected at 20 loci on chromosomes 5 and 6. The LOH frequency is

limited amounts of DNA. Furthermore, it can amplify the genome of expressed as the percentage of total informative cases at each given locus.
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ALLEIIC DEL.TION ON CIIROMOSOMES 5 AND) 6 IN OVARIAN TUMORS

synchronous ovarian and appendiccal mucinous lesions and did not fication PCR and LCM techniques developed and validated in this
detect it in any (29). Weitzel et al. (17) found a 50G (10 of 20) LOH study may increase the potential for molecular analysis of multiple
rate using markers near the adenzomatous pot yposis coli gene at 5q2 1. loci in archival microscopically identified tumor sampics of any
They showed LOH at more than one locus and that most cases human solid tumor.
showing LOH were stage III or IV (17). Findings from this study are
not consistent with the other report, which concluded that 5q LOH
was a late event in ovarian carcinogenesis (28). One of the notable REFERENCES
findings of this study is the frequent LOH at D5S630 mapped on 1. Yancik, R. Ovarian cancer: age contrasts in incidence, histology, disease stage at
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ABSTRACT MATERIALS AND METHODS

Using the MICROMAXTI- cDNA microarray system, we were
able to identify genes that are differentially overexpressed in ovarian Cell Culture
cancer A total of 30 putative genes, which are differentially overex-
pressed in ovarian cancer cell lines, were identified. The differential Cultures of the normal human ovarian surface epithelial

expression of some of these genes was further confirmed by real-time (HOSE) cells were established by scraping the HOSE cells

RT-PCR. Using this strategy, we have identified genes that either from the ovary and growing in a mixture of Medium 199 and

overexpress in all cancer cell lines or in only some cancer cell lines. MCDB 105 supplemented with 10% fetal calf serum (Sigma,
Further characterization of these genes will allow them to be ex- St. Louis, MO, USA) as described previously (7). The seven

ploited in diagnosis, prognosis, anticancer therapy, and molecular HOSE cells used were HOSE 17, HOSE636, HOSE642,

classification of ovarian cancer HOSE695, HOSE697, HOSE713, and HOSE726. The ovarian
cancer cell lines used were OVCA3, OVCA420, OVCA432,
OVCA433, OVCA633, SKOV3, and ALST. All cell cultures

INTRODUCTION and cell lines were established in the Laboratory of Gynecolog-
ic Oncology, Brigham and Women's Hospital, except SKOV3,

Ovarian cancer is the leading cause of death among which was purchased from ATCC (Manassas, VA, USA).
women from gynecologic malignancies (1). Previously, we
have successfully applied RAP-PCR (differential display) Microarray Probe and Hybridization
technology to identify differentially expressed genes in ovari-
an cancer, and only a few genes have been identified in the MICROMAX human cDNA microarray system, which
last few years (5-7). contains 2400 known human cDNA on a I x 3 inch slide, was

cDNA microarray technology is a very sensitive method that used in this study. Microarray probe and hybridization were
allows one to analyze thousands of genes simultaneously performed as described in the instruction manual. In brief, bi-
(2,3,9). Several commercial human cDNA microarray systems otin-labeled cDNA was generated from 3 g.tg total RNA,
are currently available. Here, we discuss the use of the MICRO- which was pooled from HOSE 17, HOSE636, and HOSE642.
MAXTM system (NEN® Life Science Products, Boston, MA, Dinitropheny (DNP)-labeled cDNA was generated from 3 jg
USA) to identify genes that are differentially overexpressed in total RNA that was pooled from ovarian cancer cell lines
ovarian cancer cells. The use of an efficient tyramide signal am- OVCA 420, OVCA 433, and SKOV3. Before the cDNA reac-
plification (TSA) system in the MICROMAX system enables tion, an equal amount of RNA control was added to each
us to use 20-100 times less total RNA than the currently used batch of the RNA samples for normalization during data
method. The use of a lower amount of RNA is very desirable in analysis. Biotin-labeled and DNP-labeled cDNA were mixed,
microarray analysis of precious RNA samples extracted from dried, and resuspended in 20 tL hybridization buffer, which
primary cell cultures or microdissected tissue samples. was added to the cDNA microarray and covered with a cover-
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Table 1. List of Genes Differentially Oycrexpressed in Ovarian Cancer Cells More than Tenfold

Before After
Extensive Extensive

Accession Washing Washing Cy3 Signal
No. Description (Cy3/Cy5) (Cy3/Cy5) Intensity

M3301 1 Carcinoma-associated antigen GA733-2 472 444 1249
J04765 Osteopontin 156 184 11851

-L-41351 Prostasin 44 170 3172
L19783 GPM- 4 88 916
U96759 Von Hippel-Lindau binding protein (VBP-1) 60 59 1377
M57730 B61 20 49 5514
L33930 CD24 signal transducer and 3' region 24 47 26722
D55672 hnRNP D 45 44 950
U97188 Putative RNA binding protein KOC 223 38 3599
L19871 ATF3 9 37 3507
J04991 p18  15 34 9914
D00762 mRNA for proteasome subunit HC8 17 29 4703
U17989 Nuclear autoantigen GS2NA 5 28 721
U43148 Patched homolog (PTC) 10 28 4155
AF010312 Pig7 (PIG7) 13 23 17379
M80244 E16 18 21 4180
X99802 mRNA for ZYG homologue 14 21 2086

U05598 Dihydrodiol dehydrogenase 10 18 21595
L47647 Creatine kinase B. 7 18 787
M55284 Protein kinase C-L (PRKCL) 7 16 863
X15722 mRNA for glutathione reductase 23 14 794
S54005 Thymosin beta- 10 6 13 1476
AB006965 mRNA for Dnml p/psl p-Iike protein 7 13 4183
M83653 Cytoplasmic phosphotyrosyl 6 13 2156

protein phosphatase

X12597 mRNA for high mobility group-i 7 12 2785
protein (HMG-1)

M181 12 poly(ADP-ribose) polymerase 6 12 9277
U56816 Kinase Mytl (Mytl) 4 11 1773
X06233 mRNA for calcium-binding 7 11 3007

protein in macrophages (MRP-14)

D85181 mRNA for fungal sterol -C5-desaturase 6 11 3571
homolog

M31627 X box binding protein-i (XBP-1) 5 10 12151

slip. Hybridization was carried out overnight at 65'C inside a mide, while hybridization signal from DNP-labeled cDNA was
hybridization cassette (Telechem, Sunnyvale, CA, USA). amplified with anti-DNP-HRP and Cy3 tyramide. After signal

amplification and posthybridization wash, the cDNA inicroar-

Posthybridization and Cyanine-3 (Cy3TM) and Cyanine-5 ray was air-dried and detected with a laser scanner.
(Cy5TM) TSA

Image Acquisition and Data Analysis
After hybridization, the midcroarray was washed with 30 miL

0.5x SSC, 0.0 1 % SDS, and then with 30 mL 0.06x SSC, 0.0 1 % Cy3 signal was derived from ovarian cancer cells, and Cy5
SDS. Finally, the microarray was washed with 0.06x SSC. Hy- signal was derived from HOSE cells. Laser detection of the
bridization signal from biotin-labeled cDNA was amplified Cy3 and Cy5 signal on the microarray was acquired with a
with streptavidin-horseradish peroxidase (HRP) and Cy5-tyra- confocal laser reader, ScanArray® 3000 (GSJ Lumonics,
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Table 2. Cy3 versus Cy5 Ratio for a Set of Genes that Are Previously Shown to Express at Relatively Constant Level (2)

Before After
Extensive Extensive

Accession Washing Washing
No. Description (Cy3/Cy5) (Cy3/Cy5)

X06323 MRL3 mRNA for ribosomaI protein L3 3.31 5.22
homologue

AF006043 3-phosphoglycerate dehydrogenase 3.81 4.8
M37400 Cytosolic aspartate aminotransferase 3.03 3.66
D30655 mRNA for eukaryotic initiation factor 4A1l 4.17 3.48
J04208 inosine-5'-monophosphate dehydrogenase 1.13 2.15

(IMP)

M17885 Acidic ribosomal phosphoprotein P0 2.74 2.09
X54326 mRNA for glutaminyl-tRNA synthetase 1.17 2.01
J04973 Cytochrome bc-1 complex core protein II 0.98 1.6
D13900 mitochondrial short-chain enoyl-CoA 0.91 1.52

hydratase

Z11531 mRNA for elongation factor-1 -gamma 0.76 0.89
D78361 mRNA for ornithine decarboxylase antizyme 0.51 0.82

U13261 elF-2-associated p67 homolog 0.41 0.82
X15183 mRNA for 90-kDa heat-shock protein 0.8 0.75
M36340 ADP-ribosylation factor 1 (ARFP) 0.5 0.66
X91257 mRNA for seryl-tRNA synthetase 0.75 0.52
AF047470 Malate dehydrogenase precursor 0.41 0.51

(MDH) mRNA

D13748 mRNA for eukaryotic initiation factor 4AI 0.33 0.43
L36151 Phosphatidylinositol 4-kinase 0.26 0.38
X04297 mRNA for Na,K-ATPase alpha-subunit 0.27 0.34
X79535 mRNA for beta tubulin, clone nuk_278 0.18 0.28
J04173 Phosphoglycerate mutase (PGAM-B) 0.14 0.23

Watertown, MA, USA). Separate scans were taken for each tems, Foster City, CA, USA). RNA was first extracted form
fluor at a pixel size of 10 itm. cDNA derived from the control normal ovarian epithelial cell cultures (HOSE 695, 697, 713,
RNA hybridized to 12 specific spots within the microarray. and 726) and six ovarian carcinoma cell lines (OVCA3,
Cy3 and Cy5 signals from these 12 spots should theoretically OVCA432, OVCA433, OVCA633, SKOV3, and ALST).
be equal and were used to normalize the different efficiencies cDNA was generated from I p.g total RNA using the TaqMan®
in labeling and detection with the two fluors. The fluores- reverse transcription reagents containing Ix TaqMan reverse
cence signal intensities and the Cy3/Cy5 ratios for each of the transcription buffer, 5.5 mM MgCI 2, 500 .tM dNTP, 2.5 [tM
2400 cDNAs were analyzed by the software Imagene 3.0TM random hexamer, 0.4 U/gL RNase inhibitor, 1.25 U/ptL Multi-
(Biodiscovery, Los Angeles, CA, USA). ScribeTM reverse transcriptase (Applied Biosystems) in 100

gtL. The reaction was incubated at 25°C for 10 min, 48°C for
Real-Time Quantitative RT-PCR 30 min, and finally at 95°C for 5 min. Briefly, 0.5 g.L cDNA

was used in a 20-iL PCR mixture containing Ix SYBR® PCR
Real-time PCR was performed in duplicate using primers buffer, 3 mM MgCI2, 0.8 mM dNTP, and 0.025 U/ItL Ampli-

sets specific to GA733-2, osteopontin, prostasin, creatine ki- Taq Gold® (Applied Biosystems). Amplification was then per-
nase B, CEA, KOC, and a housekeeping gene, cyclosporin, in formed with denaturation for 10 min at 95 0C, followed by 40
an ABI PRISMTM 5700 Sequence Detector (Applied Biosys- cycles of denaturation at 95°C for 15 s and annealing/extension
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at 60'C for 1 min. The changes in fluorescence of SYBR HOSE cells. Tile differential TSA of the hybridization signal
Green I dye in every cycle was monitored by the ABI 5700 depends on the use of streptavidin-HRP conjugate or anti-
system software, and tie threshold cycle (CT) for each reaction DNP-HRP conjugate in a sequential step. At each step, CyS-
was calculated. The relative amount of PCR products generat- Tyramide or Cy3-Tyramide can be added, and the HRP will
ed from each primer set was determined based on the CT val- then catalyze the deposit of Cy3 or Cy5 onto the hybridized
ue. Cyclosporin was used for the normalization of quantity of cDNA nonspecifically. As a result, we can choose to have ei-
RNA used. Its CT value was then subtracted from that of each ther Cy3 or Cy5 signal for the cDNA derived from ovarian
target gene to obtain a ACT value. The difference (AACT) be- cancer cell lines, and vice versa for HOSE cells. Thus, we do
tween the ACT values of the samples for each gene target an-d not have to make two different sets of probes if we want to--
the ACT value of the calibrator (ttOSE726) was determined, compare the effect of Cy3 or Cy5 fluorescence as a result of
The relative quantitative value was expressed as 2 -AACwI. their differences in extinction coefficients and quantum

yields. We also found that the Cy3 and Cy5 signals on the
processed slides were stable for more than six months.

RESULTS AND DISCUSSION
Normalization of Signals

The MICROMAX System
The MICROMAX system has three nonhuman genes as

The MICROMAX system allows the simultaneous analy- internal controls. Each of the control genes has been spotted
sis of the expression level of 2400 known genes. The use of four times on the microarray. Equal amounts of polyA RNA
TSA in the MICROMAX system after hybridization reduces derived from these control genes were spiked into the total
the amount of total RNA needed to a few micrograms, which RNA samples derived from both HOSE and ovarian cancer
is about 20-100 times less than currently used method. The cell lines during cDNA synthesis. Thus, hybridization signals
detail of TSA has been described previously for chromosome from these control genes in two RNA samples should theoret-
mapping of PCR-labeled probes less than 1 kb by FISH (10). ically be the same. The Cy3-to-Cy5 ratios for these control
In this study, we were able to identify 30 putative differential- genes varied from 0.4 to 4.0, and the average ratio was 1.5 ±
ly overexpressed genes (excluding nine ribosomal genes) in 1. 1 (data not shown). From a prior microarray analysis of hu-
ovarian cancer cell lines (Table 1). Using high-density cDNA man cancer cells, 88 genes have been identified to express at
array on membrane, Schummer et al. (11) have identified 32 relatively constant levels in many cell types (2). The MICRO-
known genes that exhibit tumor-to-HOSE ratios of more than MAX microarray also contains 58 of these 88 genes and 21 of
2.5-fold. Fourteen of these 32 genes were present in the MI- these genes with a signal-to-noise ratio more than threefold
CROMAX cDNA microarray, but only five of them were were analyzed (Table 2). The ratios varied from 0.23 to 5.22.
more than threefold in our study. This difference may be due The average ratio is 1.6 ± 1.5. Thus, the result of internal con-
to the use of cancer cell lines in our study versus the use of trol RNA for normalizing signal was similar to that of genes
bulk tumor tissues in the study by Schummer et al. (11). that express at a relatively constant level in different cell

In this study, biotin-labeled cDNA was made from ovarian types. The set of nonhuman control genes will be useful as
cancer cell lines, while DNP-labeled cDNA was made from control for other custom-designed chips.

before extensive washing after 3 extensive washing after 5 extensive washing

Figure 1. Effect of extensive washing on signal-to-noise ratios.
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DRUG DISCOVERY
(AND GENOMIC TECHNOLOGIES

Table 3. Real-Time Quantitative RT-PCR Analysis of a Few Selected Genesa

Creatine
GA733-2 Osteopontin KOC Prostasin kinase B CEA RGS

Normal ovarian cells

HOSE695 4 21 5 28 0.4 5 32
HOSE697 1 1 2 4 0.4 3 18
HOSE713 1 20 7 5 1 16 25
HOSE726 1 1 1 1 1 1 1
Average (HOSE) 2 11 4 9 1 6 19

Ovarian cancer cell lines

OVCA3 419 6 4 61 393 1 4
OVCA432 136 0 0 17 8 0 1
OVCA433 2048 0 52 57 12 1 4
OVCA633 2917 13777 3 228 4 15 27
SKOV3 2856 265 10 2 31 6 13
ALST 3875 6081 78 10 1 2 5
Average (OVCA) 2042 3355 24 62 75 4 9

OVCA/HOSE 1361 310 6 7 103 1 0.5
(average)

aEach gene was analyzed using an identical panel of 10 cDNA samples that were comprised off our normal ovarian surface

epithelial cells and six ovarian cancer cell lines. The expression of each gene for each cDNA sample was normalized
against cyclosporin. Duplicated reactions were performed for each of the genes, and similar results were obtained.

Effect of Background Signal on the Identification of fold), which were previously identified by Schummer et al.
Differentially Expressed Genes (11). Thus, we suggest that extensive posthybridization wash-

ing and rescanning of signals may be necessary to decrease
In our study, 1357 of the 2400 genes on the microarray background signal, especially in the case of differentially ex-

have Cy3 signals (from ovarian cancer cell lines) that were at pressed genes with low expression level.
least twofold higher than the background, or 740 genes have
Cy3 signals that were at least threefold higher than the back- Confirmation of Differential Expression by Real-Time
ground. After posthybridization washes, there was still signif- Quantitative PCR
icant background intensity for the Cy3 signal (Figure 1) but
very low background for Cy5 (data not shown). Subsequently, To further validate the differential expression, we chose
we washed the microarray again in 30 mL TNT buffer at five interesting genes, GA733-2, osteopontin, koc, prostasin,
42°C for 20 min instead of at room temperature, followed by and creatine kinase B, for real-time PCR analysis. All of these
30 mL 0.006x SSC for 1 min. The washed microarray was genes are either surface antigens or secreted proteins. Thus,
then dried and rescanned. This process was repeated several they may be useful as tumor markers for ovarian cancer.
times until the number of genes with signal-to-noise ratios at GA733-2 is a cell surface 40-kDa glycoprotein associated
least threefold remained the same. The extensive washing with human carcinomas of various origins (13). Osteopontin
steps decreased the background intensity significantly, but is a secreted glycoprotein with a conserved Arg-Gly-Asp
there were no obvious changes in the signal intensity. As a re- (RGD) integrin-binding motif and is expressed predominant-
suit, the number of genes with at least threefold signal-to- ly in bone but has been found in breast cancer and thyroid car-
noise ratios has increased from 740 to 791 genes. Moreover, cinoma with enhanced invasiveness (12,15). Prostasin is a
the differential expression ratios, in general, have increased as novel secreted serine proteinase that was originally identified
shown in both Table 1 and Table 2. More importantly, after in seminal fluid (16). The koc transcript is highly overex-
the extensive washing, we were able to detect the differential pressed in pancreatic cancer cell lines and in pancreatic
expression of two weakly expressed genes, thiol-specific an- cancer. It is speculated that koc may assume a role in the reg-
tioxidant protein (4.5-fold) and elongation factor-l-03 (9.7- ulation of tumor cell proliferation by interfering with tran-
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scriptional and or posttranscriptional processes (8). Creatinc than I K-b in size. BioTechniqucs 27:608-611.

kinase B is a serum marker associated with renal carcinoma I I.Schurmmcr, M., WV. Ng, R.E. Buingarner, P.S. Nelson, It. Sclunintier,
and ungcaner (,14. M reovr, wo andoly eleted D.W Bednarski, L. Hassell, R.L. Baldiyin, B.'. Karlan and L. flood.

an 0ugcne 41) oevr w admyslce 1999. Comparative hybridization of an array of 215000 ovarian cDNAs
genes, CEA and RGS, were used as negative controls, for (the diseovery of genes overexpressed in ovarian carcinomas. Gene

Thle results (Table 3) showed that all thle tested ovarian canl- 238:375-385.
cer cell lines expressed higher levels of GA733-2. However, l2.Sharp, J.A., Vý Sung, J. Slavin, E.W. Thompson and M.A. Henderson.

osteopontin, prostasin, KOC, and creatine kinase B were over- 1999. .Tumnor cells are the source of osteopontin and hone sialoprotein ex-

expressed in only some of the cancer cell lines. Since we were rsinnhuabestccr.L.Ivs.798-7.
usin--ols o RN , th diferntia exresson hat e hve 3.Szala, S., M. Froebilich, M. Scollon, Y. Kasai, Z. Steplewski, It. Ko-

usnposo Ntedfeeta xrsinta ehv prowski and Aj. Linnenhbach. 1990. Molecular cloning of eDNA for tit
observed is an average of the gene expression from three indc- carcinoma-associated antigen GA733-2. Proc. Natl. Acatd. Sci. USA

pendent HOSE cells or three different cancer cell lines. This 87:3542-3546.

strategy allows us to capture genes that overexpress in either 14.Takashii, MI., Y. Zhu,, S. Htasegawa and K. Kato. 1992. Serum ereatine
k-inane B subunit in patients with renal cell carcinoma. Urol. Int. 48:144-

some or all of the cell lines. Genes that only overexpress in 148.
some of the ovarian cancer cell lines may be useful for molec- IS.Tuck, A.B., D.M. Arsenauilt, F.P. O'Malley, C. itota, M.C. Ling, S.M.
ular classification of ovarian cancer cells. Since as little as 10 Wilson and A.F. Chambers. 1999. Osteopontin induces inereased inva-

pg eDNA is enough for real-time quantitative RT-PCR, RNA siens and plasminogen activator expression of human miammary ep-
frommicodisectd tssu wold b enughfor ithelial cells. Oneogene 18:4237-4246.

extracted frmmcoisce isewudb nu'hfr 16.Yu, J.X, L. Chao and J. Chao. 1994. Prostasin is a novel human serine
thousands of such real-time quantitative RT-PCR analyses. proteinase from seminal fluid. Purifieation, tissue distribution, and loeal-

ization in prostate gland. J. Biol. Chem. 269:18843-18848.
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ABSTRACT from the OSE and its cystic derivatives (2). The origin of OSE could
be traced to the mesothelium of the embryonic gonads, or the Mul-

Epidemiological data have implicated reproductive hormones as prob. lerian epithelium; therefore, ovarian tumors often resemble those of
able risk factors for ovarian cancer (OCa) development. Although pitui. the fallopian tube, endometrium, and endocervix (2, 3).
tary and sex hormones have been reported to regulate OCa cell growth, no the fal lopian tue r emans e nd erstood, 3).
information is available regarding whether and how they influence nor- Although the etiology of OCa remains poorly understood, evidence
mal ovarian surface epithelial (OSE) cell proliferation. To fill this data is mounting to indicate the involvement of gonadotropins and/or sex

gap, this study has compared cell growth responses to gonadotropins and hormones in its etiology. Because OCa incidence increases dramati-
sex steroids in primary cultures of human OSE (HOSE) cells with those cally in women above the age of 45 years and peaks at 10-20 years
observed in immortalized, nontumorigenic HOSE cells and in OCa cell after menopause, it has been suggested that elevated levels of go-
lines. Both malignant and normal cell lines/cultures responded equally nadotropins during this reproductive period are risk factors for the
well to the stimulatory actions of luteinizing hormone and follicle-stimu- cancer (4-7). The gonadotropin theory is further supported by several
lating hormone and to 17)3-estradiol and estrone, although the latter case studies reporting development of OCa shortly after ovulation
estrogen has a much lower affinity for estrogen receptor than does the induction with fertility drugs such as clomiphene citrate or gonado-
former estrogen. In normal HOSE cell cultures/lines, 5a-dihydrotestos- tropins (7, 8). It has also been proposed that entrapment of OSE cells
terone was found to be more effective than testosterone in stimulating cell
growth, but in OCa cell lines, 5a-dihydrotestosterone and testosterone are in inclusion cysts increases the odds of OSE neoplastic transforma-

equally potent. One OCa cell line, OVCA 433, was found to be nonre- tion, possibly due to exposure of these cells to a stromal hormonal

sponsive to androgen stimulation. In general, primary cultures of normal milieu rich in androgens (2, 9, 10). In support of the androgen theory

HOSE cells exhibited the greatest hormone-stimulated growth responses is the observation that women with polycystic ovary syndrome have a
(>10-fold enhancement), followed by immortalized HOSE cell lines (4- higher risk of developing OCa, which is likely attributable to the
5-fold enhancement) and by OCa cell lines (2-4-fold enhancement). In- higher levels of androgen present in their circulation. With regard to
terestingly, progesterone (P4), at low concentrations (10" to 10`•1 M), estrogens, earlier data are in inconclusive in demonstrating a positive
was stimulatory to HOSE and OCa cell growth, but at high doses (10-" to relationship between estrogen usage and OCa risk (11-15). However,
10- M), P4 exerted marked inhibitory effects. In all cases, cotreatment of recent large-scale epidemiological studies (16-18) consistently dem-
a cell culture/line with a hormone and its specific antagonist blocked the
effect of the hormone, confirming specificity of the hormonal action.
Taken together, these data support the hypothesis that reproductive states dence in a manner dependent on usage duration. Finally, epidemio-

associated with rising levels of gonadotropins, estrogen, and/or androgen logical data have established pregnancy, particularly one that occurs

promote cell proliferation in the normal OSE, which favors neoplastic in late life, as a protective factor against OCa development (19). These
transformation. Conversely, those states attended by high levels of circu- findings, in conjunction with laboratory studies (20, 21) demonstrat-
lating P4, such as that seen during pregnancy, induce OSE cell loss and ing induction of apoptosis in OCa cell lines by P4, raise the possibility
offer protection against ovarian carcinogenesis. that progestins are protective against ovarian carcinogenesis. Taken

together, these theories strongly argue for major roles played by
INTRODUCTION reproductive hormones, such as those associated with the female

cycle, pregnancy, perimenopause, and postmenopause, in ovarian

OCa 3 varies widely in frequency among different geographic re- carcinogenesis.

gions and ethnic groups, with high incidences observed in the Scan- According to modem concept of hormonal carcinogenesis (22),

dinavia, Western Europe, and North American and low incidences endogenous and exogenous hormones enhance cell proliferation and

found in Asian countries (1). The majority of cases are sporadic, thus enhance the opportunity for the accumulation of random genetic

whereas about 5-10% of OCa cases are familial. Although all cell errors and the emergence of malignancy. Previous studies on hor-

types of the human ovary may undergo neoplastic transformation, the mones and OCa were focused primarily on the effects of pituitary

vast majority (80-90%) of benign and malignant tumors are derived and/or sex hormones on OCa cell growth (23-38). To the best of our
knowledge, no information is available regarding whether and how

Received 4/12/01; accepted 7/17/01. key reproductive hormones regulate the growth of normal OSE cells.
The costs of publication of this article were defrayed in part by the payment of page Answers to these questions are critical to our understanding of hor-

charges. This article must therefore be hereby marked advertisement in accordance with mone-induced tumor initiation in the OSE. To fill this data gap, in this
18 U.S.C. Section 1734 solely to indicate this fact.

' Supported by Army Ovarian Cancer Research Program Grant DAMD17-99-1-9563 study, we have simultaneously compared the impacts exerted by
(to S. C. M. and S-M. H.) and NIH Grant CA78523 (to S. C. M.). Part of this work will gonadotropins and key sex steroids on primary cultures of HOSE cells
be used to fulfill Gregory Ulinski's Master Degree Dissertation requirement at the with those observed in immortalized, nontumorigenic HOSE cells (39,
Worcester Polytechnic Institute (Worcester, MA).2 To whom requests for reprints should addressed, at Department of Surgery, Univer- 40) and in OCa cell lines (39). Because women are exposed to a great
sity of Massachusetts Medical School, 55 Lake Avenue North, Worcester, MA 01655. variety of endogenous hormones at wide concentration ranges during
Phone: (508) 856-1909; Fax: (508) 856-8699; E-mail: shuk-mei.ho@umassmed.edu.

' The abbreviations used are: OCa, ovarian cancer; OSE, ovarian surface epithelial; their lifetime, we have chosen to study the growth responses of
HOSE, human OSE; LH, luteinizing hormone; LH-R, LH receptor; FSH, follicle-stimu- HOSE/OCa cells to the predominant premenopausal estrogen, E2 , the
lating hormone; FSH-R, FSH receptor; RT-PCR, reverse transcription-PCR; E,, estrone; major postmenopausal estrogen, El, the circulating androgen, T, the
E2, 1703-estradiol; T, testosterone; DHT, 5o-dihydrotestosterone; P4, progesterone; FBS,
fetal bovine serum; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; cellular androgen, DHT, the pregnancy hormone P4, and the gonado-
PKA, protein kinase A; AR, androgen receptor; ERT, estrogen replacement therapy. tropins FSH and LH at a wide dose range (10-tl to 10-6 M). Direct
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HORMONAL REGULATION OF OSE CELL GROWTH

cell counting or a surrogate cell proliferation assay was used to well, and plates were incubated for 4 h in a humidified atmosphere. Finally,
quantify cell growth responses, and specific hormone antagonists 100 bl of solubilization solution were added to each well, and plates were

were used to demonstrate specificity. Semiquantitative RT-PCR was incubated overnight at 37°C. Cell growth was measured based on the cellular

used to demonstrate expression of FSH-R and LH-R in normal HOSE conversion of a tetrazolium compound to a colored formazan product over a

cells for the first time. Our data now show that gonadotropins, period of 18 h. At the end of the incubation period, the amount of formazan
formed was measured as absorbance at 570 nm in a spectrophotometer to

estrogens, and androgens are positive regulators of HOSE and OCa determine the cell number in each well. Assays were performed in triplicate to
cell growth, whereas P4 is a negative regulator for both cell types. generate mean values for the control and for each treatment group. Cell

number, as measured by the rate of formazan formation, in control wells with

MATERIALS AND METHODS untreated cells was arbitrarily assigned a value of 1. Relative cell growth was
expressed as the fold increase over control untreated cultures. Data points in all

Primary Cell Cultures and Cell Lines. Four normal primary HOSE cell figures are group mean values ± SDs from three separate experiments.
cultures (HOSE 693, HOSE 770, HOSE 783, and HOSE 785), four immor- Treatment of Normal and Malignant HOSE Cells with Hormones in the
talized normal HOSE cell lines (HOSE 642, HOSE 301, HOSE 306, and Absence and Presence of Hormone Receptor Antagonists. Primary cultures
HOSE 12-12), and four OCa cell lines (OVCA 420, OVCA 429, OVCA 432, of normal HOSE cells (HOSE 693, HOSE 770, HOSE 783, and HOSE 785),
and OVCA 433) were used in this study. The normal HOSE cell primary immortalized normal HOSE cell lines (HOSE 642, HOSE 301, HOSE 306, and
cultures, HOSE 693, HOSE 770, HOSE 783, and HOSE 785, were obtained HOSE 12-12), and OCa cell lines (OVCA 420, OVCA 429, OVCA 432, and
from surface scrapings of normal ovaries removed from a 32-year-old patient OVCA 433) were seeded at 2 X 105 cells/T-25 flask (Falcon; Becton Dick-
with adenocarcinoma of the cervix, a 42-year-old patient with moderately inson Labware, Bedford, MA; 25-cm2 culture area), allowed to attach during
differentiated squamous cell carcinoma of the cervix, a 42-year-old patient a 24-h period, and exposed to 10' M of either FSH, LH, E2 , T, or P4 in the
with leiomyoma, and a 72-year-old patient with inflamed bladder mucosa, presence or absence of the respective receptor or signaling antagonist. This
respectively. The immortalized normal HOSE cell lines, HOSE 642, HOSE dose was selected based on the results obtained from the cell proliferation
301, HOSE 306, and HOSE 12-12, were established by human papillomavirus assay, which demonstrated that for all hormones tested, this dose was at the
E6/E7 immortalization (39) of normal HOSE cells obtained from a 46-year-old midpoint of the dose-response curve. Two doses of receptor antagonist were
patient with normal tissue, a 47-year-old patient with endometrioid adenocar- used to block the action of the hormone. For FSH and LH, concentrations of
cinoma of the ovary, a 53-year-old patient with breast cancer, and 39-year-old 10' and 10-' M of the PKA-selective inhibitor H89 (N-[2-(p-bromocinnam-
patient with ovarian stromal hyperplasia, respectively. OCa cell lines (OVCA li)ethyl]-5-isoquinolinessulfonamide; 2HCL; Calibiochem) were added 30 min
420, OVCA 429, OVC A432, and OVCA 433) were established cell lines before treatment with 10-8 M of the gonadotropins. H89 has been shown to be
derived from freshly isolated ascites or tumor explants obtained from patients a specific inhibitor of PKA (Ki value, 0.048 jzM) and to effectively block FSH
with late-stage serous ovarian adenocarcinomas according to Tsao et al. (39). and LH action at 10-4 M (41). For sex steroids, receptor-specific antagonists
The epithelial nature of the HOSE cell primary cultures and the HOSE cell were used. A low (10-5 M) and a high (10-4 M) concentration of ICI 182,780
lines was verified by immunostaining for K7, K8, K18, and K19 cytokeratins (a generous gift from Zeneca Pharmaceuticals, Macclesfield, United King-
and vimentin as described previously (39). The HOSE cell primary cultures dom), a pure estrogen receptor antagonist (42), 4-hydroxy flutamide (Schering,
and immortalized cell lines exhibited uniform epithelial-like morphology; Kenilworth, NJ), an AR antagonist (43), or RU 38486 (Sigma Chemical Co.),
immunopositivity for cytokeratins K7, K8, KIS, and K19; and immunonega- a specific P4 receptor antagonist (44), were used to inhibit the action of E2, T,
tivity for vimentin. The immortalized HOSE cell lines were shown to be or P4, respectively. The dosages of an antihormone used were based on
nontumorigenic in nude mice and express no CA-125 (39). In addition, they literature reports of effective receptor antagonistic effect. The cell cultures
responded to transforming growth factor P-induced growth inhibition (39). In were treated daily with hormones and hormone antagonists for a period of 5
contrast, the OCa cell lines (OVCA 420, OVCA 429, OVCA 432, and OVCA days. After the treatment period, cell growth was determined by direct cell
433) expressed high levels of CA-125 and failed to respond to transforming count on multiple aliquots of the cultures. Each experiment was carried out
growth factor 0-induced growth arrest (39). twice. The results are the means of two independent experiments.

These cell lines were cultured and maintained at 37°C in a 5% CO2  RNA Isolation and Semiquantitative RT-PCR. Untreated normal and
humidified atmosphere in medium 199 (Sigma Chemical Co., St. Louis, MO) malignant HOSE cells were harvested from cell cultures when they reached
and MCDB 105 (1:1; Sigma Chemical Co.) supplemented with 10% FCS approximately 70-80% confluence. Total cellular RNA was isolated using Tri
(Sigma Chemical Co.), 100 units/ml penicillin (Sigma Chemical Co.), and 100 reagent (Sigma Chemical Co.) according to protocols provided by the manu-
[tg/ml streptomycin (Sigma Chemical Co.) under 5% CO 2 . Normal and ma- facturer. Multiple cautionary steps were routinely taken to ensure RNA quality
lignant cells grown in this medium after two or more passages exhibited and linearity of the semiquantitation method. The quality of each cellular RNA
uniform epithelium-like morphology, sample was checked carefully and controlled by the following steps: (a)

Cell Proliferation Assay. Cell lines or primary cultures cultured in me- measurement of absorbance at 260 and 280 nm; (b) running of a denaturing
dium 199:MCDB 105 (1:1) were harvested when they reached 80% conflu- RNA gel capable of detecting possible RNA degradation, as judged by the
ence, washed twice in PBS, and then plated into the wells of 96-well micro- integrity and intensity of the 18S and the 28S rRNA signals; and (c) conducting
culture plates at a density of 1000 cells/well in medium containing 10% semiquantitative RT-PCR amplification of the 18S rRNA at low cycle numbers
activated charcoal (Sigma Chemical Co.)/dextran-70 (Pharmacia)-treated FBS. to ensure RNA quality and linearity of transcript quantification.
Forty-eight h after cell plating, the medium was replaced with the same To investigate the relative expression levels of FSH-R and LH-R mRNA,
medium containing either human FSH (Calbiochem, San Diego, CA; purity, semiquantitative RT-PCRs were performed. The oligonucleotide primers used
99%; contamination with growth factors, <1%), human LH (Calbiochem; to amplify human FSH-R and LH-R cDNA were previously published se-
purity, 99%; contamination with growth factors, <1%), E. (Sigma Chemical quences (45, 46). The forward primer sequence for FSH-R amplification was
Co.), El (Sigma Chemical Co.), DHT (Sigma Chemical Co.), T (Sigma 5'-GAGAGCAAGGTGACAGAGATTCC-3' (nucleotides 97-120), and the
Chemical Co.), or P4 (Sigma Chemical Co.). To study the synergistic action of reverse primer sequence was 5'-CCTTTGGAGAGAATGAATCTT-3 (nucle-
FSH and E2 on cell growth, cells were cultured with a combination of E2 and otides 417-439). For human LH-R amplification, the sense primer was 5'-
FSH. Steroids were solubilized in absolute ethanol. The exposure concentra- CTTGGATATTTCCCACACAAA-3' (nucleotides 676-698), and the anti-
tions ranged from 10" to 10-6 M for each hormone. The final concentration sense primer was 5'-TGGCATGGTTATAGTACTGGC-3' (nucleotides
of ethanol in the medium was 0.1%. The control cells were exposed to ethanol 1270-1290). For amplification of human 18 S rRNA, the sense primer was
vehicle without the testing hormone. The cells were treated with hormones for 5'-TGAGGCCATGATTAAGAGGG-3', and the antisense primer was 5'-
5 days, with a fresh addition of hormone to ensure stable bioavailability. CGCTGAGCCAGTCAGTGTAG-3'. The amplimers from cDNA of FSH-R,
Because DHT was metabolized rapidly, cells were subjected to DHT treatment LH-R, and 18S ribosomal mRNA were 343, 615, and 623 bp, respectively.
every 12 h. Cell proliferation was measured by a MTT cell proliferation kit An equal amount of total RNA (1-3 jg) from the cellular total RNA sample
(Roche Diagnostics, Indianapolis, IN). After the incubation period, 10 jl of the was reverse-transcribed into cDNA using the GeneAmp RNA PCR kit (Perkin-
MTT labeling reagent (final concentration, 0.5 mg/ml) were added to each Elmer, Foster City, CA). Aliquots (1-2 jl of 50 jil) of cDNA were subjected
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to hot-start PCR using AmpliTaq Gold DNA polymerase (Perkin-Elmer). The immortalized normal HOSE cell lines, and four OCa cell lines re-
enzyme was activated by preheating the reaction mixtures at 95'C for 6 min vealed that transcripts of FSH-R and LH-R were present in all cell
before thermal cycling. This protocol was chosen to minimize nonspecific cultures/lines (Fig. 1, A and C). Relative FSH-R mRNA expression
product amplification. Initially, to determine the conditions under which PCR levels in the four OCa cell lines were higher than those found in
amplification for FSH-R, LH-R, and 18S ribosomal mRNA was in the loga- normal HOSE cells in primary cultures or in immortalized cell lines
rithmic phase, different amounts of total RNA were reverse transcribed, and
aliquots were amplified using a different number of cycles. A linear relation- (Fig. 1B). Conversely, relative LH-R mRNA expression levels in

ship was observed between the amount of RNA and PCR products when 3 jig normal HOSE cell cultures/lines were higher than those observed in
of total RNA were used in the reverse transcription reaction and when 35, 30, OCa cell lines (Fig. 1D). Nonetheless, the differences in receptor
and 18 PCR amplification cycles were performed for FSH-R, LH-R, and 18S expression levels between normal and malignant HOSE cell lines
rRNA, respectively. PCR for 18S rRNA was used as a control to rule out the were not dramatic.
possibility of RNA degradation and to control the variation in mRNA concen- Because we have used four different cell lines in each group, a
tration in the RT reaction. The PCR program was 1 min at 94°C, 1 min at 60°C representative cell line from each group (primary cultures, immortal-
(annealing temperature), and 1 min at 72'C. mRNA-specific modifications
included an annealing temperature of 58°C for amplification of FSH-R cDNA
and an annealing temperature of 550 C for amplification of LH-R. The PCR addition to the representative cell lines, any cell line that showed
products were fractionated on a 2% agarose gel and visualized by ethidium divergence in response to hormones compared with the other cell lines
bromide staining. The fluorescence images were visualized under UV transil- in the group is shown under the respective group.
lumination, captured on 665 negative film (Polaroid Co., Cambridge, MA), and FSH and LH Are Equally Potent in Stimulating Normal and
converted into digitized signals with an image scanner, and the intensities of Malignant HOSE Cell Growth. The effects of a 5-day treatment
each band, which were derived from the area under each peak, were quantified with FSH or LH at a dose range between 10-1' and 10-6 M on the
by ImageQuant (Molecular Dynamics, Sunnyvale, CA). Signal intensities of proliferation of normal and malignant HOSE cells were investigated.
FSH-R and LH-R amplimers were normalized to those of 18S rRNA products.
Message levels were expressed as the ratio of the signal intensity of the PCR FSH and LH enhanced cell proliferation in primary cultures of normal

product of the receptor message to that of the 18S rRNA to produce arbitrary HOSE cells (HOSE 693, HOSE 770, HOSE 783, and HOSE 785), in
units of relative abundance. The reproducibility of the quantitative measure- immortalized normal HOSE cell lines (HOSE 642, HOSE 301, HOSE
ments was evaluated by three independent cDNA synthesis and PCR runs from 306, and HOSE 12-12), and in OCa cell lines (OVCA 420, OVCA
each preparation of RNA. The means of the replicated measurements were 429, OVCA 432, and OVCA 433) compared with cell growth in the
calculated and are shown in the figures. absence of hormonal stimulation. A representative cell line from

Statistical Analyses. Statistical analysis was carried out using ANOVA, primary cultures (HOSE 770), immortalized normal HOSE cells
followed by Tukey's post hoc test. Values are presented as the mean ± SD and (HOSE 642), and OCa cell lines (OVCA 420) is shown in Fig. 2A.
are considered significant at P < 0.05. The hormone-induced cell growth exhibited a clear dose dependency,

RESULTS and both gonadotropins were found to be equally potent in stimulating
cell growth in all cell cultures/lines. However, in the immortalized

Transcripts of FSH-R and LH-R Are Expressed in Normal and HOSE 12-12 cell lines, FSH might be more effective than LH in
Malignant HOSE Cells. The expression of FSH-R mRNA and LH-R stimulating cell growth (Fig. 2A). Although gonadotropin signifi-
mRNA in normal and malignant HOSE cells was investigated by cantly enhanced cell growth of all normal and cancerous HOSE cell
semiquantitative RT-PCR. RT-PCR analyses of total cellular RNA cultures/lines, normal HOSE cells in primary cultures exhibited the
prepared from four primary cultures of normal HOSE cells, four best responses (8-14-fold increases), followed by those displayed in

Fig. 1. Detection of mRNA for human FSH-R and 5 \V&
human LH-R transcripts in total RNA samples from nor- . .0
mal primary, normal immortalized, and malignant HOSE 3
cell lines. Four normal primary (HOSE 693, HOSE 770, (A) FSH.R OFB:
HOSE 783, and HOSE 785), normal immortalized (HOSE Wit
642, HOSE 301, HOSE 306, and HOSE 12-12), and ,- ,22.
malignant OSE cell lines (OVCA 420, OVCA 429, 0o V

OVCA 432, and OVCA 433) were used to isolate total
RNA. Seniquantitative RT-PCRs were performed as de- o

scribed in "Material and Methods.' Open rolunmn~ repre- 1iL
sent the relative abundance of (A) FSH-R mRNA and (C) Y WT _
LH-R mRNA in individual primary HO0SE cell cultures,Z
immortalized HOSE cell lines, and OCa cell lines. Three 0 0- - --
independent RT-PCRs were performed with total RNA of
primary HOSE cell cultures, immortalized HOSE cell
lines, and OCa cell lines. Relative mRNA levels were 4 JJ}J.H :..
expressed as arbitrary units derived from signal intensities Z ( H 3 (D) .HtR
o f e t h i d i u m b r o m i d e -s t a i n e d P C R p r o d u c t s o f t h e t a r g e t c c n3 - . . .. . . . . . . - . . . . . -
cDNA normalized to those of 18S rRNA cDNA. The open to.. :::: : ::: ... "':t
columnis and error bars represent the mean relative a
mRNA abundance ± SD (n = 3). The black columins - • 2 "-
represent group means of FSH-R (B) and LH-R (D) •
mRNA levels of all four primary HOSE cultures, four ' . ,..
immortalized HOSE cell lines, and four OCa cell lines in
each group. The data are shown as the means ± SD. *,statistically significant difference between mean transcript 0

levels in OCa cell lines and those observed in primary
HOSE cell cultures at P < 0.05.
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Fig. 2. Effect of FSH and LH on cell proliferation in normal primary HOSE, immortalized HOSE, and OCa cells. Representative cell lines from each group and any cell line that
showed divergence from the other cell lines in a group are shown under the representative cell line. Primarily HOSE (HOSE 693, HOSE 770, HOSE 783, and HOSE 785), immortalized
HOSE (HOSE 642, HOSE 301, HOSE 306, and HOSE 12-12), and malignant OCa (OVCA 420, OVCA 429, OVCA 432, and OVCA 433) cells were cultured at a density of (A) 1000
cells/well in a 96-well plate in medium 199:MCDB 105 supplemented with 10% FBS (heat-inactivated, charcoal-stripped FBS) and 100 units/ml penicillin-streptomycin for MTT assay.
After preincubation for 48 h, the cells were treated with different concentrations (10-" to 10' M) of FSH (*) or LH (0) for 5 days. The cell growth was assessed by MTr assay
as described in "Materials and Methods." The absorbance of wells not exposed to hormones was arbitrarily set as 1, and FSH- and LH-treated cell growth was expressed as the fold
increase compared with the control. The representative cell line from primary HOSE (HOSE 770), immortalized HOSE (HOSE 642), and malignant OCa (OVCA 420) is shown. The
immortalized HOSE line (HOSE 12-12) that showed divergence from the other lines in the group is shown under the representative cell line. B, to confirm the specificity of FSH and
LH, 2 X 105 cells/T-25 flask were cultured alone (0) or cotreated with 10' m of either FSH or LH (0) and two doses of the PKA inhibitor H89 (10-' M, N; M, 10-' M) for 5 days.
The control cells were treated with vehicle. After 5 days, the number of cells was counted. Treatment of cells with FSH and LH induced proliferation of cells in a dose-dependent
manner, Cotreaunent with PKA blocker H89 abolished the response of normal HOSE cells to gonadotropins. The data are shown as the mean of two experiments with triplicate samples
and represent the mean ± SD. *, P < 0.05.

immortalized normal HOSE cell lines (5-7-fold increases) and in OCa in cell growth was noted in primary cultures of normal HOSE cells
cell lines (3-4-fold increases; results not shown). exposed to the highest concentration (10-6 M) of El or E2 (results not

It is now well accepted that gonadotropins interact with their shown). In contrast, both estrogens at this dose only induced a 6-fold
cognate receptors and activate a stimulatory G-protein that leads to an increase in cell growth in immortalized normal HOSE cell lines and a
induction of cyclic AMP, followed by activation of PKA and subse- 3-4-fold increase in cell growth in OCa cell lines (results not shown).
quent biological responses. To ascertain whether the observed go- E, and E, were equally effective in enhancing cell proliferation in all
nadotropin-stimulated cell growth is mediated via a receptor-triggered cell lines studied, with the exception of HOSE 12-12 cells, which
PKA signaling pathway, cell cultures/lines were treated with FSH or responded better to E, than to E2 (Fig. 3A). Simultaneous treatment of
LH (at 10-8 m) for 5 days in the presence or absence of a PKA- cell cultures/lines with E. and FSH induced no additive effect on
selective antagonist, H89 (at either 10-5 or 10-4 m). Exposure of cells enhancement of cell growth (results not shown).
to H89 abolished the gonadotropin-induced cell growth enhancement When normal and malignant HOSE cells were exposed to a 5-day
in normal and malignant HOSE cell cultures/lines in a manner de- treatment with 10-8 M E2 in the presence or absence of ICI 182,780
pendent on the dose of the PKA antagonist (Fig. 2B). Furthermore, (10-5 or 10- 4 m), a marked attenuation in E2-induced growth en-
H89 by itself had no effect on cell growth. hancement was observed in cultures exposed to the antiestrogen (Fig.

E2 and El Are Equally Effective in Stimulating Normal and 3B). ICI 182,780 is recognized as a pure antiestrogen, and it has been
Malignant HOSE Cell Growth. When increasing concentrations shown to inhibit the action of both estrogen receptor-a and estrogen
(10-it to 10-6 M) of El or E2 were added to primary cultures of receptor-3 (44).
normal HOSE cells (HOSE 639, HOSE 783, HOSE 785, and HOSE Differential Responsiveness of Normal and Malignant HOSE
770; HOSE 770, representative cell line shown in Fig. 3A), immor- Cells to DHT- and T-induced Cell Growth Enhancement. Testos-
talized normal HOSE cell lines (HOSE 642, HOSE 301, HOSE 306, terone and DHT significantly stimulated cell growth in primary cul-
and HOSE 12-12; HOSE 642, representative cell line shown in Fig, tures of normal HOSE cells (HOSE 639, HOSE 783, HOSE 785, and
3A), and OCa cell lines (OVCA 420, OVCA 429, OVCA 432, and HOSE 770), immortalized normal HOSE cell lines (HOSE 642,
OVCA 433; OVCA 420, representative cell line shown in Fig. 3A), a HOSE 301, HOSE 306, and HOSE 12-12), and malignant OCa cell
dose-dependent increase in cell growth was observed in cell cultures lines (OVCA 420, OVCA 429, and OVCA 432, but not OVCA 433).
challenged with an estrogen. An approximately 10-14-fold increase The responses of HOSE 770, the representative cell line for primary
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Fig. 3. Effect of E2 and El on cell proliferation in normal primary HOSE, immortalized HOSE, and malignant cells. Primarily HOSE (HOSE 693, HOSE 770, HOSE 783, and HOSE
785), immortalized HOSE (HOSE 642, HOSE 301, HOSE 306, and HOSE 12-12), and OCa (OVCA 420, OVCA 429, OVCA 432, and OVCA 433) cell lines were cultured as described
in the legend of Fig. 2. After preincubation for 48 h in heat-inactivated charcoal-stripped FBS, the cells were treated with different concentrations (10-" to 106 M) of E2 (A) or E1
(A) for 5 days. The cell growth was assessed by MTT assay as described in "Materials and Methods." The absorbance of wells not exposed to hormones was arbitrarily set as 1, and
E2 - and E,-treated cell growth was expressed as the fold increase compared with the control. The representative cell line from primary HOSE (HOSE 770), immortalized HOSE (HOSE
642), and malignant (OVCA 420) cells is shown. The immortalized HOSE cell line (HOSE 12-12) that showed divergence from the other cell lines in the group is shown under the
representative cell line. B, to confirm the specificity of E2 , 2 X 10' cells/T-25 flask were cultured alone 0) or cotreated with 10' M of E2 (0) and two doses of ICI 182,780 (10-5
M, 0; 10' M, 11) for 5 days. The control cells were treated with vehicle. After 5 days, the number of cells was counted. Treatment of cells with E2 and E, induced proliferation of
cells in a dose-dependent manner. Cotreatment with ICI 182,780 abolished the response of normal HOSE cells to E 2. The data are shown as the mean of two experiments with triplicate
samples and represent the mean ± SD. *, P < 0.05.

HOSE cells, HOSE 642, the representative cell line for immortalized (data not shown), did not show any increase in cell number. OCa cell
HOSE cells, and OVCA 420, the representative cell line for malignant lines OVCA 432, OVCA 433, and OVCA 420 (OVCA 420 is the
cells, are shown in Fig. 4A. Primary cell cultures of normal HOSE representative cell line shown in Fig. 5A) showed enhancement of cell
cells (HOSE 770, Fig. 4A) and immortalized normal HOSE cell lines proliferation in response to low concentrations (10-11 to 10-9 m) of
(HOSE 642, Fig. 4A) were more responsive to DHT than T, whereas P4, whereas the OCa cell line OVCA 429 failed to show proliferation
the OCa cell lines (Fig. 4A) responded equally well to both androgens. of cells in response to low doses of P4 (Fig. 5A). However, when
Although all of the immortalized normal HOSE cell lines were extra normal and malignant HOSE cell cultures/lines were challenged with
receptive to DHT, HOSE 306 showed a greater sensitivity to DHT higher doses of P4 (10-8 to 10-6 M), the steroid consistently led to
(Fig. 4A). The OCa cell line OVCA 433 failed to respond to both T growth inhibition (Fig. 5A, see the representative lines shown for each
and DHT stimulation (Fig. 4A). The androgen-induced cell growth group). Interestingly, the lowest dose of P4 (1 0 -11 M) induced the
enhancement was found to be dose dependent (Fig. 4A) and reversible most cell growth enhancement in responsive cell cultures/lines,
by cotreatment of cells with the antiandrogen 4-hydroxy flutamide whereas the growth-inhibitory effect of P4 was clearly dose depend-
(Fig. 4B) in all of the cell lines tested. ent, with the higher doses being more effective. Cotreatment of

P4 Exerts Both Stimulatory and Inhibitory Effects on Normal normal and malignant HOSE cells with the progestin antagonist, RU
and Malignant HOSE Cell Growth. The effects of P4 on cell 38486, at 10-- or 10-4 M reversed the growth-inhibitory effects of
proliferation in normal and malignant HOSE cell cultures/lines were 10-8 m P4 in all cell lines/cultures (Fig. 5B). The latter finding
investigated over a wide concentration range of 10-1 to 10-6 M. suggests that the antiproliferative effect of P4 on all of the cell
Results revealed that the steroid could stimulate and inhibit cell cultures/lines is mediated via the P4 receptor.
growth of normal and malignant HOSE cells depending on the dosage
of exposure. All of the primary cell cultures of normal HOSE cells DISCUSSION
(HOSE 783, HOSE 785, and HOSE 770; HOSE 770 is shown as the
representative cell line in Fig. 5A) except HOSE 693 (Fig. 5A) showed A major goal of this research was to fill a data gap regarding the
stimulation of cell growth when exposed to low concentrations of P4. lack of information on hormonal regulation of normal HOSE cell
Exposure to low concentrations (10- " to 10-9 m) of P4 induced cell growth. Additionally, an equally important aim was to generate in-
growth enhancement in two immortalized normal HOSE cell lines vestigational data to explain epidemiological findings that have im-
[HOSE 306 (Fig. 5A) and HOSE 301 (data not shown)], whereas the plicated hormones as risk factors for OCa. In this investigation, we
other two cell lines, HOSE 642 (shown in Fig. 5A) and HOSE 12-12 capitalized on our unique access to normal HOSE cells as primary
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Fig. 4. Effect of T and DHT on cell proliferation in normal primary HOSE, immortalized HOSE, and malignant cells. Primarily HOSE (HOSE 693, HOSE 770, HOSE 783, and
HOSE 785), immortalized HOSE (HOSE 642, HOSE 301, HOSE 306, and HOSE 12-12), and OCa (OVCA 420, OVCA 429, OVCA 432, and OVCA 433) cell lines were cultured
as described in the legend of Fig. 2. After preincubation for 48 h, the cells were treated with different concentrations (10- "to 1-6 M) of T (0) and DHT (0l) for 5 days. The cell
growth was assessed by MTIT assay as described in "Materials and Methods." The absorbance of wells not exposed to hormones was arbitrarily set as 1, and T- and DHT-treated cell
growth was expressed as the fold increase as compared with the control. The representative cell line from primary HOSE (HOSE 770), immortalized HOSE (HOSE 642), and malignant
(OVCA 420) cells is shown. The immortalized HOSE cell line (HOSE 306) and the malignant cell line (OVCA 433) that showed divergence from the other lines in their respective
groups are shown under the representative cell line. B, to confirm the specificity of T, 2 X 10' cells/T-25 flask were cultured alone (0l) or cotreated with I0' M T (0) and two doses
of 4-hydroxy flutamide (10- m, 0; 10-4 M, E) for 5 days. The control cells were treated with vehicle. After 5 days, the number of cells was counted. Treatment of cells with T and
DHT induced proliferation of cells in a dose-dependent manner in all of the cell lines. Cotreatment with 4-hydroxy flutamide abolished the response of normal HOSE cells to T. The
data shown are the mean of two experiments with triplicate samples and represent the mean t SD. *, P < 0.05.

cultures or immortalized lines to conduct a comparative study to FSH-R and LH-R transcripts in normal HOSE cells at levels compa-
determine cell growth responses induced by gonadotropins and key rable with those found in OCa cell lines. Both FSH and LH, at doses
sex steroids in these cells and in their malignant counterparts. We as low as 10-t1 to 10-10 M, were stimulatory for normal and malig-
reported here, for the first time, coexpression of LH-R and FSH-R in nant HOSE cell growth. These doses translate to approximately 20-
normal HOSE cell cultures and immortalized lines. Both gonado- 200 mIU/ml gonadotropin, concentrations that are well within the
tropins (LH and FSH) and the two estrogens (EI and E2) were equally ranges of circulating FSH and LH reported in women. The circulating
potent in enhancing cell growth in normal and malignant HOSE cells, levels of FSH and LH in cycling women fluctuate between 10-25 and
The cellular androgen, DHT, was more effective than the circulating 18-50 mIU/ml, respectively (52). After menopause, circulating go-
androgen, T, in stimulating the growth of normal HOSE cells in nadotropins are elevated to levels around 66 mIU/ml for FSH and 23
primary cultures, but the two androgens were equally potent in en- mIU/ml for LH (53). In our experiments, the effects of FSH and LH
hancing proliferation of OCa cells. Overall, primary cultures of nor- on cell growth enhancement were blocked by the selective PKA
mal HOSE cells exhibited the greatest responses to gonadotropin-, inhibitor, H89, providing evidence of specificity for the gonadotropin
estrogen-, or androgen-stimulated cell growth when compared with action. When compared over a wide dose range, FSH and LH were
those observed in immortalized HOSE cell lines or in OCa cell lines, found to be equally potent in stimulating normal and malignant HOSE
Importantly, P4 at low doses was a promoter, but at higher doses, it cell growth. The latter finding is clearly in disagreement with a recent
was an unvaried growth inhibitor of normal and malignant HOSE cell study (26) that found FSH and LH to have opposite effects in the
growth. growth regulation of two OCa cell lines, AO and 3AO, with FSH as

Indirect evidence suggests that gonadotropins may have a role in the stimulator and LH as the inhibitor. Interestingly, we found normal
the genesis and promotion of epithelial OCa (7, 9, 16). The incidence HOSE cells in primary cultures to be more responsive to gonadotropin
of OCa peaks 10-20 years after menopause, when gonadotropin stimulation, producing a 10-14-fold increase in cell growth enhance-
levels are elevated. Case studies have reported development of epi- ment, as compared with a 3-5-fold increase in immortalized normal
thelial OCa in women undergoing fertility treatment, and an increased HOSE cell lines and OCa cell lines. This observation suggests that
OCa risk has been reported in association with the use of fertility normal HOSE cells are hypersensitive to gonadotropin stimulation
drugs in population studies (7, 8). A handful of laboratory studies and may therefore undergo excessive cell proliferation under a post-
have demonstrated that gonadotropins influence cell growth in some menopausal hormonal milieu and be susceptible to malignant trans-
but not all OCa cell lines (23, 25, 26). In early studies (47-50), formation. All in all, our findings are in accord with the theory that
gonadotropin-binding sites were found in OCa cells. In recent studies suggests rising levels of gonadotropins as a risk factor for OCa and are
(26, 51), transcripts of FSH-R and LH-R were detected in the great in disagreement with the hypothesis that high levels of gonadotropins
majority of ovarian tumors. In this study, we reported coexpression of are protective against OCa development (54).
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Fig. 5. Effect of P4 on cell growth in primary HOSE, immortalized normal HOSE, and malignant cell lines. Primarily HOSE (HOSE 693, HOSE 770, HOSE 783, and H-OSE 785),
imotlzdHSE (HOS 4,HS 0,HS 0,adHS 21) n ~ OC 2,OC 2,OC 3,and OVCA 433) cell lines were cultured as described

in the legend of Fig. 2. A, the cells were treated with different concentrations (10-" to 10-6 M) of P4 (A) for 5 days. The cell growth was assessed by MTT assay as described in
"Materials and Methods." The absorbance of wells not exposed to hormones was arbitrarily set as 1, and P4-treated cell growth was expressed as the fold increase/decrease as compared
with the control. The representative cell line from primary HOSE (HOSE 770), immortalized HOSE (HOSE 642), and malignant (OVCA 420) cells is shown. The primary cell line
(HOSE 693), immortalized HOSE cell line (HOSE 306), and malignant cell line (OVCA 433) that showed divergence from the other cell lines in their respective groups are shown
under the representative line. B, to confirm the specificity of P4, 2 X 10' cells/T-25 flask were cultured alone (l) or entreated with 10' m P4 (M) and two doses ofRU 38486 (10-5
M, 0; 10' m, W) for 5 days. The control cells were treated with vehicle. After 5 days, the number of cells was counted. Treatment of cells with P4 inhibited proliferation of cells in
a dose-dependent manner in all cell lines tested. Cotreatment with RU 38486 abolished the response of normal HOSE cells to P4. The data are shown as the mean of two experiments
with triplicate samples and represent the mean -± SD. *, P < 0.05.

It has become clear with data from recent large case-control studies OCa. In premenopausal women, the circulating T levels are around
that OCa risk is significantly increased in postmenopausal women 380 pg/mI or 10-9 M (52). Postmenopausal ovary is rich in androgen,
following long-duration ERT (18, 55-61). However, the mechanisms as evidenced by T concentrations seen in ovarian veins. T (21) and
underlying this association have not been established. Findings from DHT (37), at concentrations between 10-11 and 10-6 M, are well
our present investigation have provided the first evidence that estro- within the range capable of stimulating HOSE and OCa cell growth.
gens directly promote normal HOSE cell growth, which may favor According to the inclusion cysts theory, normal HOSE cells entrapped
malignant transformation. Interestingly, normal HOSE cells were into inclusion cysts are predisposed to undergo neoplastic transfor-
found to be much more responsive to estrogen stimulation than their mation, probably due to exposure to an androgen-rich stromal envi-
immortalized or transformed counterparts. In addition, the major ronment (2, 9, 10). In the present study, we observed an AR- and
postmenopausal estrogen, E1 (62), displayed equal potency as the dose-dependent enhancement of cell growth in all normal and malig-
premenopausal ovarian-derived circulating estrogen, E2, in stimulat- nant HOSE cell cultures/lines. The cellular androgen, DHT, is appar-
ing normal and malignant HOSE cell growth. Because E, is a weak ently more potent than the circulating androgen, T, in simulating
ligand for estrogen receptors (63), the popular view maintains that this normal HOSE cell growth. However, both androgens are equally
estrogen exerts little estrogenic effect on target cells. Our data there- effective in stimulating OCa cell growth. The differential cellular
fore provide a contrary perspective that suggests the effectiveness of responses to T and DHT may be related to differential activities of
postmenopausal estrogen in promoting OSE cell proliferation. In 5oa-reductase in these cell lines (65). Our finding that OVCA 433 fails
premenopausal women, circulating E2 ranges from 10-20 pg/ml dur- to respond to both androgens could be explained by our previous
ing the follicular and luteal phases and peaks at 200 pg/ml during report of a complete loss of AR mRNA expression in this OCa cell
ovulation (52). These circulating E2 levels, at 3 X 10-'l to 6 X 10 -10 line (66). In addition, we have observed loss of AR expression in
m, are definitely effective in stimulating normal and malignant HOSE several other OCa cell lines (66). Hence, although androgens may
cell growth under our culture conditions. In perimenopausal women, play a significant role in the early genesis of OCa, such as when the
E, sulfate, which serves as a stable circulating reservoir of estrogen, OSE is entrapped in inclusion cysts, their contribution in OCa growth
reaches levels as high as 100 pg/ml or 10-9 M. Ovaries of postmeno- regulation may be significantly reduced during tumor progression in
pausal women do not secrete estrogens, but postmenopausal women postmenopausal women with declining androgen levels (67) and in
have significant levels of E2 (9 pg/mI or 3 X 10-" m) and E, ovarian tumors with notable loss of AR expression (63).
(13.3-350 pg/ml or 4 X 10-" to 1 X 10-9 M) in their circulation Perhaps the most intriguing and novel finding of this study is the
(64). These levels are still high enough to promote HOSE and OCa inverted U-shape dose-response curves observed for many, but not all,
cell growth, based on the results of the current study, normal HOSE cell cultures in response to P4. P4 present at low doses

Appreciable evidence implicates androgen in the pathogenesis of (10-t to 10-9 M) was proproliferative, whereas P4 present at higher
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doses ( 10-8 to 10-6 M) was antiproliferative to most normal and 10. Ghahremani, M., Foghi, A., and Dorrington, J. H. Etiology of ovarian cancer: a

malignant HOSE cells. In premenopausal women, serum P4 levels proposed mechanism. Med. Hypotheses, 52: 23-26, 1999.
11. Hartge, P., Hoover, R., McGowan, L., Lesher, L., and Norris, H. J. Menopause and

fluctuate in the range of 2-14 ng/ml or 6-47 X 10- 9 
M (52). The ovarian cancer. Am. J. Epidemiol., 127: 990-998, 1998.

higher concentrations are only reached during the midluteal phase of 12. Hempling, R. E., Wong, C., Piver, M. S., Natarajan, N., and Mettlin, C. J. Hormone

the female cycle. Furthermore, a 10-fold increase in P4 is noted during replacement therapy as a risk factor for epithelial ovarian cancer: results of a
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pregnancy (68). Previous studies on the influence of P4 on OCa cell 13. Hoover, R., Gray, L. A., Sr., and Fraumeni, J. F., Jr. Stilboestrol (diethylstilbestrol)

growth demonstrated a growth-inhibitory effect for the steroid (20, and the risk of ovarian cancer. Lancet, 2: 533-534, 1977.

36). Induction of apoptosis and p53 up-regulation were proposed as 14. Hildreth, N. G., Kelsey, J. L., LiVolsi, V. A., Fischer, D. B., Holford, T. R., Mostow,
E. D., Schwartz, P. E., and White, C. An epidemiologic study of epithelial carcinoma

mechanisms mediating the P4-induced growth-inhibitory action on of the ovary. Am. J. Epidemiol., 114: 398-405, 1981.

OCa cells (20). We recently obtained flow cytometry data to indicate 15. Harris, R., Whittemore, A. S., and Itnyre, J. Characteristics relating to ovarian cancer
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nation for the phenomenon of pregnancy clearance effect. The puta- J. Ovarian cancer and gonadotropins in vitro: new evidence in favor of independence.

tive protective effect of P4 also raises the issue of whether combined Anticancer Res., 19: 4289-4295, 1999.
and progestin replacement therapy is a safer alternative than 29. Nash, J. D., Ozols, R. F., Smyth, J. F., and Hamilton, T. C. Estrogen and anti-estrogen

estrogen aeffects on the growth of human epithelial ovarian cancer in vitro. Obstet. Gynecol.,

ERT with respect to OCa development. 73: 1009-1016, 1992.
30. Pavlik, E. J., Nelson, K., van Nagell, J. R., Jr., Gallion, H. S., Donaldson, E. S.,

DePriest, P., Meares, K., and van Nagell, 1. R., III. The growth response of BG-l
REFERENCES ovarian carcinoma cells to estradiol, 40H-tamoxifen, and tamoxifen: evidence for

intrinsic antiestrogen activation. Gynecol. Oncol., 42: 245-249, 1991.
1. Holschneider, C. H., and Berek, J. S. Ovarian cancer: epidemiology, biology, and 31. Galtier-Dereure, F., Capony, F., Maudelonde, T., and Rochefort, H. Estradiol stim-

prognostic factors. Semin. Surg. Oncol., 19: 3-10, 2000. ulates cell growth and secretion of procathepsin D and a 120-kilodalton protein in the
2. Scully, R. E. Pathology of ovarian cancer precursors. J. Cell. Biochem. Suppl., 23: human ovarian cancer cell line BG-1. J. Clin. Endocrinol. Metab., 75: 1497-1502,

208-218, 1995. 1992.
3. Ran, B. R., and Slotman, B. J. Endocrine factors in common epithelial ovarian cancer. 32. Wimalasena, J., Meehan, D., Dostal, R., Foster, J. S., Cameron, M., and Smith, M.

Endocr. Rev., 12: 14-26, 1991. Growth factors interact with estradiol and gonadotropins in the regulation of ovarian
4. Cramer, D. W., Hutchinson, G. B., Welch, W. R., Scully, R. F., and Knapp, R. C. cancer cell growth and growth factor receptors. Oncol. Res., 5: 325-337, 1993.

Factors affecting the association of oral contraceptives and ovarian cancer. N. Engl. 33. Langdon, S. P., Crew, A. J., Ritchie, A. A., Muir, M., Wakeling, A., Smyth, J. F., and
J. Med,, 307: 1047-1051, 1982. Miller, W. R. Growth inhibition of oestrogen receptor-positive human ovarian car-

5. Cramer, D. W., Hutchison, B., Welch, W. R., Scully, R. E., and Ryan, K.. I cinoma by anti-oestrogens in vitro and in a xenograft model. Eur. J. Cancer, 30:Determinants of ovarian cancer risk. I. Reproductive experiences and family history. 682-686, 1994.
J. Nat]. Cancer Inst. (Bethesda), 71: 711-716, 1983.

6. Bandera, C. A., Cramer, D. W., Freiedman, A. J., and Sheets, E. E. Fertility therapy 34. Chien, C. H., Wang, F. F., and Hamilton, T. C. Transcriptional activation of c-myc

in the setting of a history of invasive epithelial ovarian cancer. Gynecol. Oncol., 58: proto-oncogene by estrogen in human ovarian cancer cells. Mol. Cell. Endocrinol.,

116-119, 1995. 99: 11-19, 1994.
7. Konishi, I., Kuroda, H., and Mandai, M. Review: gonadotropins and development of 35. Baldwin, W. S., Curtis, S. W., Cauthen, C. A., Risinger, J. I., Korach, K. S., and

ovarian cancer. Oncology (Basel), 57 (Suppl. 2): 45-48, 1999. Barrett, J. C. BG-I ovarian cell line: an alternative model for examining estrogen-
8. Anderson, S. M., and Dimitrievich, E. Ovulation induction for infertility: is it safe or dependent growth in vitro. In Vitro Cell. Dev. Biol. Anim., 34: 649-654, 1998.

not? S. D. J. Med., 49: 419-421, 1996. 36. Langdon, S. P., Gabra, H., Bartlett, J. M., Rabiaz, G. J., Hawkins, R. A., Tesdale,
9. Risch, H. A. Hormonal etiology of epithelial ovarian cancer, with a hypothesis A. L., Ritchie, A. A., Miller, W. R., and Smyth, J. F. Functionality of the progesterone

concerning the role of androgens and progesterone. J. Natl. Cancer Inst. (Bethesda), receptor in ovarian cancer and its regulation by estrogen. Clin. Cancer Res., 4:
90: 1774-1786, 1998. 2245-2251, 1998.

37. Ahonen, M. H., Zhuang, Y. H., Aine, R., Ylikomi, T., and Tuohimaa, P. Androgen
receptor and vitamin D receptor in human ovarian cancer: growth stimulation and

V. Syed and S-M. Ho, unpublished data. inhibition by ligands. Int. J. Cancer, 86: 40-46, 2000.

6775



HORMONAL REGULATION OF OSE CELL GROWTH

38. Thompson, M. A., and Adelson, M. D. Aging and development of ovarian epithelial 53. Malacara, J. M., Fajardo, M. E., and Nava, L. E. Gonadotropins at menopause: the
carcinoma: the relevance of changes in ovarian stromal androgen production. Adv. influence of obesity, insulin resistance, and estrogens. Steroids, 66: 559-567, 2001.
Exp. Med. Biol., 330: 155-165, 1993. 54. Heizisouer, K. J., Alberg, A. J., Gordon, G. B., Longcope, C., Bush, T. L., Hoffman,

39. Tsao, S. W., Mok, S. C., Fey, E. G., Fletcher, J. A., Wan, T. S., Chew, E. C., Muto, S. C., and Comstock, G. W. Serum gonadotropins and steroid hormones and the
M. G., Knapp, R. C., and Berkowitz, R. S. Characterization of human ovarian surface development of ovarian cancer. J. Am. Med. Assoc., 274: 1926-1930, 1995.
epithelial cells immortalized by human papilloma viral oncogenes (HPV-E6E7 55. Polychronopoulou, A., Tzonou, A., Hsieh, C. C., Kaprinis, G., Rebelakos, A.,
ORFs). Exp. Cell Res., 218: 499-507, 1995. Toupadaki, N., and Trichopoulos, D. Reproductive variables, tobacco, ethanol, coffee

40. Rauh-Adelmann, C., Lau, K. M., Sabeti, N., Long, J. P., Mok, S. C., and Ho, S. M. and somatometry as risk factors for ovarian cancer. Int. J. Cancer, 55: 402-407, 1993.
Altered expression of BRCA1, BRCA2, and a newly identified BRCA2 exon 12 56. Negri, E., Tzonou, A., Beral, V., Lagiou, P., Trichopoulos, D., Parazzini, F.,
deletion variant in malignant human ovarian, prostate, and breast cancer cell lines. Franceschi, S., Booth, M., and La Vecchia, C. Hormonal therapy for menopause and
Mol. Carcinog., 28: 236-246, 2000. ovarian cancer in a collaborative re-analysis of European studies. Int. J. Cancer, 80:

41. Zhou, X. L., Lei, Z. M., and Rao, C. V. Treatment of human endometrial gland 848-851, 1999.
epithelial cells with chorionic gonadotropin/luteinizing hormone increases the expres- 57. Purdie, D. M., Bain, C. J., Siskind, V., Russell, P., Hacker, N. F., Ward, B. G., Quinn,
sion of the cyclooxygenase-2 gene. J. Clin. Endocrinol. Metab., 84: 3364-3377, M. A., and Green, A. C. Hormone replacement therapy and risk of epithelial ovarian
1999. cancer. Br. J. Cancer, 81: 559-563, 1999.

42. Sharma, S. C., Clemens, J. W., Pisarska, M. D., and Richards, J. S. Expression and 58. Parazzini, F., La Vecchia, C., Negri, E., and Villa, A. Estrogen replacement therapy
function of estrogen receptor subtypes in granulosa cells: regulation by estradiol and and ovarian cancer risk. Int. J. Cancer, 1: 135-136, 1994.
forskolin. Endocrinology, 40: 4320-4334, 1999. 59. Whittemore, A. S., Harris, R., Itnyre, J., and the Collaborative Ovarian Cancer Group.

43. Simard, J., Singh, S. M., and Labrie, F. Comparison of in vitro effects of the pure Characteristics relating to ovarian cancer risk: collaborative analysis of 12 US
antiandrogens OH-flutamide, Casodex, and nilutamide on androgen-sensitive param- case-control studies. H. Invasive epithelial ovarian cancers in white women. Am. J.
eters. Urology, 49: 580-586, 1997. Epidemiol., 136: 1184-1203, 1992.

44. Makrigiannakis, A., Coukos, G., Christofidou-Solomidou, M., Montas, S., and 60 Garg, P. P., Kerlikowuke, K., Subak, L., and Grady, D. Hormone replacement therapy
Coutifaris, C. Progesterone is an autocrine/paracrine regulator of human granulosa and the risk of epithelial ovarian carcinoma: a mesa-analysis. Obstet. Gynecot., 92:
cell survival in vitro. Ann. N. Y. Acad. Sci., 900: 16-25, 2000. 472-479,a9982

45. Minegishi, T., Nakamura, K., Takakura, Y., Ibuki, Y., and Igarashi, M. Cloning and 472-479, 1998.
sequenceing of human FSH receptor cDNA. Biochem. Biophys. Res. Commun., 175: 61. Risch, H. A. Estrogen replacement therapy and risk of epithelial ovarian cancer.
1125-1130, 1991. Gynecol. Oncol., 63: 254-257, 1996.

46. Dirnhofer, S., Berger, C., Hermann, M., Steiner, G., Madersbacher, S., and Berger, P. 62. Hemsell, D. L., Grodin, J. M., Brewnner, P. F., Siiteri, P. K., and MacDonald, P. C.

Coexpression of gonadotropic hormones and their corresponding FSH- and LH/CG- Plasma precursors of estrogen. II. Correlation of the extent of conversion of plasma

receptors in the human prostate. Prostate, 35: 212-220, 1998. androstenedione to estrone with age. J. Clin. Endocrinol. Metab., 38: 476-479, 1974.

47. Kammerman, S., Demopoulos, R. I., Raphael, C., and Ross, J. Gonadotropic hormone 63. Sasson, S., and Notides, A. C. Estriol and estrone interaction with the estrogen
binding to human ovarian tumors. Hum. Pathol., 12: 886-890, 1981. receptor. 1. Temperature-induced modulation of the cooperative binding of[

3
Hlestriol

48. Nakano, R., Kitayama, S., Yamoto, M., Shima, K., and Ooshima, A. Localization of and [
3
H]estrone to the estrogen receptor. J. Biol. Chem., 258: 8113-8117, 1983.

gonadotropin binding sites in human ovarian neoplasms. Am. J. Obstet. Gynecol., 64. Beyene, Y., and Martin, M. C. Menopausal experiences and bone density of Mayan
161: 905-910, 1989. women in Yucatan, Mexico. Am. J. Human Biol., 13: 505-511, 2001.

49. Rajaniemi, H., Kauppila, A., Ronnberg, L., Selander, K., and Pystynen, P. LH(hCG) 65. Delos, S., Carsol, J. L., Fina, F., Raynaud, J. P., and Martin, P. M. 5a-Reductase and
receptor in benign and malignant tumors of human ovary. Acta Obstet. Gynecol. 1703-hydroxysteroid dehydrogenase expression in epithelial cells from hyperplastic
Scand. Suppl., 101: 83-86, 1981. and malignant human prostate. Int. J. Cancer, 75: 840-846, 1998.

50. Stouffer, R. L., Grodin, M. S., Davis, J. R., and Surwit, E. A Investigation of binding 66. Lau, K. M., Mok, S. C., and Ho, S. M. Expression of human estrogen receptor-a and
sites for follicle-stimulating hormone and chorionic gonadotropin in human ovarian -.3, progesterone receptor, and androgen receptor mRNA in normal and malignant
cancers. J. Clin. Endocrinol. Metab., 59: 441-446, 1984. ovarian epithelial cells. Proc. Natl. Acad. Sci. USA, 96: 5722-5727, 1999.

51. Lu, J. J., Zheng, Y., Kang, X., Yuan, J. M., Lauchlan, S. C., Pike, M. C., and Zheng, 67. Akamatsu, T., Chiba, H., Kamiyama, H., Hiurose, K., Saito, H., and Yanaihara, T.
W. Decreased luteinizing hormone receptor mRNA expression in human ovarian Menopause related changes of adrenocortical steroid production. Asia-Oceania J.
epithelial cancer Gynecol. Oncol., 79: 158-168, 2000. Obstet. Gynaccol., 18: 271-267, 1992.

52. Ross, G. T., Vande Viele, R. L., and Frantz, A. G. The ovaries and the breasts. In: 68. Simpson, E. R., and MacDonald, P. C. Endocrinology of pregnancy. In: R. H.
R. H. Williams (ed.), Textbook of Endocrinology, 6th ed., pp. 355-411. Philadelphia: Williams (ed.), Textbook of Endocrinology, 6th ed., pp. 412-422. Philadelphia:
W. B. Saunders Company, 1981. W. B. Saunders Company, 1981.

6776



Analytical Biochemistry 290, 302-313 (2001)
doi:10.1006/abio.2001.5000, available online at http://www.idealibrary.com on 1 ® E

Electrospray Ionization Mass Spectrometry Analysis
of Lysophospholipids in Human Ascitic Fluids:
Comparison of the Lysophospholipid Contents
in Malignant vs Nonmalignant Ascitic Fluids 1

Yi-jin Xiao,* Benjamin Schwartz,t Monique Washington,t Alexander Kennedy,t
Kenneth Webster,t Jerome Belinsont and Yan Xu*,ti
*Department of Cancer Biology and tDepartment of Gynecology and Obstetrics,

Cleveland Clinic Foundation, 9500 Euclid Avenue, Cleveland, Ohio 44195

Received August 8, 2000; published online February 15, 2001

Lysophospholipids (lyso-PLs)3 are important precur-
Lysophospholipids (lyso-PLs), including various glyc- sors and intermediates of phospholipid synthesis.

erol-based and sphingosine-based lysophospholipids, However, the most prominent discovery in recent years
play important roles in many biochemical, physiologi- is that these lipids are now recognized as important
cal, and pathological processes. The classical methods to extracellular cell signaling molecules (1, 2). Among
analyze these lipids involve gas chromatography and/or these signaling lipid molecules, lysophosphatidic acid
high-performance liquid chromatography, which are (LPA) has been studied most extensively (2, 3). LPA is
time-consuming, cumbersome, and sometimes inaccu- actually a group of compounds with three major sub-
rate due to the incomplete separation of closely related classes. All of these subclasses contain a glycerol back-
lipid species. We now describe the quantitative analysis bone with a long chain aliphatic acid attached to the
of lyso-PLs in ascites samples from patients with ovarian first carbon (sn-i) position, a hydroxy-group at the
cancer using electrospray ionization spectrometry,
Three new classes of lyso-PL molecules are detected: second (sn-2) position, and a phosphate group at the

alkyl-LPA, alkenyl-LPA, and methylated lysophosphati- third (sn-3) position. However, the different chemical

dylethanolamine. Importantly, the following lysophos- linkages at the sn-1 position between the long-chain
pholipid species are significantly increased in ascites aliphatic acid and the glycerol result in different sub-
from patients with ovarian cancer, compared to patients classes of LPAs (acyl-, alkyl-, and alkenyl-LPAs). In
with nonmalignant diseases (e.g., liver failure): LPA (in- addition, within each subclass, there are different
cluding acyl-, alkyl-, and alkenyl-LPA species), lysophos- LPAs, which contain long-chain aliphatic acids with
phatidylinositol, and sphingosylphosphorylcholine. Ly- different numbers of carbons and/or double bonds.
sophosphorylcholine contents are also significantly Other lysophospholipids may also have signaling prop-
different among ascitic fluids from the two groups of erties in cellular systems. These molecules have differ-
patients. However, the total phosphate content in as- ent groups attached to the phosphate which include
cites samples from patients with ovarian cancer is not lysophosphatidylcholine (LPC), lysophosphatidyleth-
significantly different compared to that from patients anolamine (LPE), lysophosphatidylglycerol (LPG), ly-
with nonmalignant disease. © 2001 Academic Press

Abbreviations used: ESI-MS, electrospray ionization mass spec-
trometry; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine;
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sophosphatidylinositol (LPI), and lysophosphatidyl- (St. Louis, MO). SIP was from Toronto Research
serine (LPS). Two lysosphingolipid molecules, Chemicals (Toronto, Ontario, Canada) and SPC was
sphingosine 1-phosphate (SiP) and sphingosylphos- from Matreya, Inc. (Pleasant Gap, PA). Precoated silica
phorylcholine (SPC), are both extra- and intracellular gel 60 TLC plates were obtained from EM Science
signaling molecules (4-7). (Gibbstown, NJ). HPLC-grade methanol (MeOH), chlo-

Ovarian cancer is associated with the production of a roform, ammonium hydroxide (AmOH), and hydrochlo-
large volume of peritoneal ascites, which frequently ric acid (HC1) were purchased from Sigma (St. Louis,
contains a high number of tumor cells and soluble MO) or Fisher Scientific (Pittsburgh, PA).
growth factors (8-10). It represents the in vivo envi-
ronment of the tumor cells. Another disease that tends Lipid Extraction
to produce a large volume of ascites is hepatic cirrhosis.
Ascitic fluids from patients with ovarian cancer, but Ascites samples were centrifuged at 1660g (3000
not patients with benign diseases, such as hepatic cir- rpm in a JS7.5 Beckman rotor) for 30 min. The cell-free

rhosis, stimulate growth of ovarian cancer cells in vitro ascites was stored at -80'C in aliquots. All extraction

and in vivo (11). Normal ovarian epithelial cells and procedures were performed in 15-ml glass disposable

fresh or cultured lymphoid cells do not respond to this centrifuge tubes (15). To extract lipids in the upper

factor (11, 12). Identifying and understanding the phase, 2 ml of butanol was added to the mixture of the

mechanism of the growth-stimulating activity in as- upper and inter phases, vortexed for 1 min, and then

cites will provide critical information about the growth incubated on ice for 1 h. Two milliliters of H20 was

and metastatic regulation of ovarian cancer, added to separate the phases. The sample was vortexed

Previously, we purified and identified a factor from for 1 min and centrifuged at 2000g for 10 min. The

ovarian cancer ascites that is growth stimulating in upper phase was transferred to a fresh glass tube and

ovarian cancer cells. We termed it ovarian cancer-acti- dried under N2 . The dried lipids were resuspended in

vating factor, or OCAF. OCAF is composed of several 1.5 ml chloroform and centrifuged at 2000g for 10 min

molecular species of LPA (6, 7). We have shown that to remove the salts and insoluble materials. The lipids

another bioactive lyso-PL, SIP, is also present in as- in chloroform were transferred to a new tube and the

cites from patients with ovarian cancer and modulates solvent was evaporated under nitrogen at 40'C. The

both growth and adhesion of ovarian cancer (13). We dried sample was dissolved in 0.1 ml of MeOH and then

also found that LPA was significantly elevated in the diluted 10-fold, prior to MS detection. Lipids were sep-

plasma of ovarian cancer patients, compared to healthy arated and eluted from TLC plates as previously de-

controls. In particular, elevated plasma LPA levels scribed (15).

were detected in patients with Stage I ovarian cancer,
suggesting that LPA may represent a useful marker Preparation of Standards
for the early detection of ovarian cancer (14). More 14:0-LPA and 17:0-LPC (purchased from Avanti in
recently, we have developed an electrospray mass spec- chloroform form) were used as internal standards in
trometry (ESI-MS)-based method to analyze lyso-PL the negative and positive mode of detection, respec-
molecules in ascites and found that in addition to LPA, tively. Standard LPAs (16:0, 18:0, and 18:1), LPI (16:0
LPI may be a valuable biomarker for detecting ovarian and 18:0), and LPCs (6:0, 8:0,10:0, 12:0, 14:0, 16:0,
cancer (15). 18:0, 20:0, 22:0, and 24:0) were obtained from Avanti

To further investigate the biochemical, physiological, and solutions were made in methanol. To obtain stan-
and/or pathological role of LPA and related bioactive ly- dard curves, different amounts (5-300 pmol) of stan-
solipids in ovarian cancer, we have developed the ESI- dard LPAs, LPIs, or LPCs were mixed with the same
MS-based method to further analyze all lyso-PL mole- amount (50 pmol) of internal standard 14:0-LPA or
cules with either a glycerol or a sphingosine backbone in 17:0-LPC. ESI-MS was performed and the intensity
ascites. To determine whether any lyso-PLs could be re- ratios (standard vs internal standard) were plotted
lated to ovarian cancer, quantitative analyses have been against molar ratios (standard vs internal standard).
conducted in ascites samples from patients with ovarian For quantitative analysis of lysolipid, 500 pmol of the
cancer, compared with those from patients with nonma- internal standard was added to each ascites sample
lignant diseases using the standard curves established before the lipid extraction and one-fifth of each sample
for a variety of lyso-PLs in this study. was used for MS detection.

MATERIALS AND METHODS Preparation of Alkyl- and Alkenyl-LPAs

Materials Alkyl- and alkenyl-LPA were prepared through hy-

LPA and other lyso-PLs were puichased from Avanti drolysis of the corresponding lyso-PAF (Avanti Polar
Polar Lipids (Birmingham, AL). LPI was from Sigma Lipids) or lyso-plasmalogen phosphatidylethanolamine
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(alkenyl-LPE) (Matreya, Inc.), respectively, by phos- and 608-184 for 24:0-LPC were used. The dwell time
pholipase D (PLD) reaction (Calbiochem, La Jolla, CA). in the MRM mode was 100 ms and other conditions
Briefly, 1 mg of alkenyl-LPE or lyso-PAF was dispersed were the same as those in the parent scanning as
in 0.1 ml of 0.04 M Tris buffer, pH 8.0, containing 0.05 described above.
M CaC12 and 1% TX100. After addition of enzyme (4
units of PLD in 15 jl of 0.01 M Tris buffer, pH 8.0), the Total Phosphate Determination
sample was mixed vigorously. The reaction vessel was To determine total phospholipid content in ascites
sealed tightly and the contents were rotated overnight samples, total phosphorus was determined in ex-
at room temperature. After the incubation period, the tracted lipids. Lipids were extracted from 0.5 ml of
mixture was extracted with 1.2 ml of chloroform:meth- ascites and dried under nitrogen as described. Perchlo-
anol:HC1 (5:4:0.2). The chloroform layer was evapo- nc acid (0.5 ml, 70%) was added to the dry lipid sample
rated under a stream of nitrogen and the residue was in a test tube, and the lipids were digested by gentle
dissolved in 50 gl chloroform:methanol (1:2 v/v). The refluxina for 20 min on a heating block at -200'C in a
substrate and the product were separated on a TLC fume g gfr cooin g, a mmoni um b ok re-
plate using a solvent system of chloroform:methanol: fume hood. After cooling, ammonium molybdate re-
AmOH (65:35:5.5) and the product was eluted from the agent (2.5 ml; 0.5% ammonium molybdate in 1 Nplate by 2 ml chloroform:methanol (1:2), twice, and H2SO4 ; Fisher Scientific) was added and followed by
then dried under N2. addition of 2.5 ml of reducing reagent (0.62% sodiumbisulfate, 0.37% sodium sulfite, and 0.01% 1-amino-2-

naphthol-4-sulphonic acid; Labchem Inc., Pittsburgh,
ESI-MS Conditions PA). The solution was mixed thoroughly and heated in

ESI-MS and tandem mass spectrometry (MS/MS) a boiling water bath for 10 min for color development.

analyses were performed using a Micromass Quattro 11 After cooling, the absorbance of the solution was mea-

triple quadrupole mass spectrometer equipped with an sured at 830 nm (some dilution may have been re-

ESI source (Micromass Inc., Beverly, MA). The sam- quired). A blank sample was analyzed simultaneously

ples were delivered into the ESI source using a LC and a standard solution of 1.0 mM sodium dihydrogen

system (HP1100) with an injection valve (20-ptl injec- phosphate was prepared for establishing the standard

tion loop) via 125-Am PEEK tubing. The mobile phase curve.

used for all experiments was MeOH:HO (1:1 v/v) and
the flow rate was 50 gI/min. Sample Collection and Statistical Analysis

The instrument settings used were the same as de- Ascites samples were obtained 15 patients with ovar-
scribed previously (15). Parent scanning and MS/MS ian cancer (median age 74.0 years; range 48-86 years)
analyses were performed to detect and confirm the and 15 patients with benign liver diseases (median age
structures of all lyso-PLs in ascites samples. All quan- 52 years; range 43-74 years). Informed consent was
titative analyses were performed in the multiple reac- obtained from all participants. Ascites samples were
tion monitoring (MRM) mode, since it provides better centrifuged at 1660g for 30 min to remove cells. The
sensitivity and separation than the parent scanning cell-free ascites samples were aliquoted and stored at
does. LPA and other negatively charged lyso-PLs were -80'C. Statistical analyses were performed using the
analyzed in the negative mode with the monitoring Student t test. P -< 0.01 is considered to be statistically
ions at m/z 378 (parent ion)-79 (product ion) for SiP, significant.
381-79 for 14:0-LPA, 393-79 for 16:0-alkenyl-LPA,
395-79 for 16:0-alkyl-LPA, 409-79 for 16:0-LPA, RESULTS
421-79 for 18:0-alkenyl-LPA, 423-79 for 18:0-alkyl-
LPA, 433-79 for 18:2-LPA, 435-79 for 18:1-LPA, Lysolipids Were Distributedin both Organic and
437-79 for 18:0-LPA, 571-79 for 16:0-LPI, 599-79 for Aqueous Phases

18:0-LPI, and 619-79 for 20:4-LPI. All lipids with the Using the acidified chloroform:MeOH extraction
phosphorylcholine group (positively charged) were an- method as previously described (15), we found that
alyzed in the positive mode. Monitoring ions were at most negatively charged lysolipids, including LPA,
m/z 465 (parent ion)-184 (product ion) for SPC,, 483- LPI, derivatives of LPE, and SIP, were exclusively
184 for lyso-PAF, 496-184 for 16:0-LPC, 510-184 for extracted into the organic phase. Phosphorylcholine-
17:0-LPC, 520-184 for 18:2-LPC, 524-184 for 18:0- containing lipids, which are positively charged under
LPC 544-184 for 20:4-LPC, and 568-184 for 22:6-LPC. acidic conditions, including SPC, LPC, and lyso-PAF
For LPC standard curves, 356-184 for 6:0-LPC, 384- were distributed in both organic and aqueous
184 for 8:0-LPC, 412-184 for 10:0-LPC, 440-184 for phases. The distribution of these lipids in the aque-
12:0-LPC, 468-184 for 14:0-LPC, 522-184 for 18:1- ous phase was approximately -Ž90, 70, and 45% for
LPC, 552-184 for 20:0-LPC, 580-184 for 22:0-LPC, SPC, LPC, and lyso-PAF, respectively. We collected
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FIG. 1. Representative spectra of lyso-PLs from the "LPA band" in 0.5 ml of an ascites sample from an ovarian cancer patient. The parent of 79
scan mode in negative detection (A) or a MRM mode (B) was used. The MS/MS spectra of the ion peak at m/z 393 from the ascites sample (C) and
the standard 16:0-alkenyl-LPA (D). The MS/MS spectra of the ion peak at m/z 421 from the ascites sample (E) and the standard 18:0-alkenyl-LPA
(F). The MS/MS spectra of the ion at m/z 378 (G) and the standard SIP (H). The MS/MS spectrum of the ion peak at m/z 333 (I).
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FIG. 2. Representative spectra of lyso-PLs from the "LPE band" in 0.5 ml of an ascites sample from an ovarian cancer patient. The parent
of 79 scan mode in negative detection was used (A). The MS,/IS spectra of the ion peak at m/z 480 (B) and 529 (C) from the ascites sample.
The fragmentation assignment to dimethylated LPEs (D).

both aqueous and organic phases and developed a Ascites from Patients with Ovarian Cancer Contain
butanol reextraction method to recover the lipids in Various Species of Aeyl-, Alkyl-, and Alkenyl-LPA
the aqueous phase (Material and Methods). The salt In addition to acyl-LPAs detected in plasma samples

and insoluble materials were removed by chloroform (14, 15), two new species at m/z 393-395 and 421-423
and the purified lipids were used directly for MS were detected in ascites samples (Figs. 1A and 1B).
analysis. MS/MS analyses in comparison with standard alkyl-
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FIG. 3. Representative spectra of lyso-PLs containing phosphoryicholine from 0.5 ml of an ascites sample from an ovarian cancer patient. The
parent of 184 scan mode in positive detection was used (A). Standard SPC, lyso-PAF, 16:0-LPC, and 18:0-LPC (molar ratios 0.04:0.4:19:22) (B). The
assay conditions were the same for (A) and (B). The MS/MS spectra of the ion peak at m/z 482 from the ascites sample (C) and the standard
16:0-lyso-PAF (D). The MS/MS spectra of the ion peak at mlz 465 from the ascites sample (F) and the standard SPC (G). The fragmentation
assignments to lyso-PAF (E) and SPC (H). The MS/MS spectra of the ion peak at m/z 524 from the ascites samples (I) and the standard 18:0-LPC (J).
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A 6.00 - ples, ion peaks at 393 and 421 were detected and they
50 were noted to completely disappear after HCl vapor

y 1.616x + 0.007 treatment (data not shown).
4.00 The ion peak at m/z 378 was identified as S1P (Figs.

1G and 1H). The following indicates that the ion peak
3.00 - at m/z 333 was a deacylated form of LPI (glycerolphos-
2.00 .phoinositol): (i) the MS/MS spectrum was consistent
2.00 "with the assignment. In particular, the fragment ion
1.00 . peak at 241 is characteristic of the inositol groups (Fig.

1.oo*~ .1I); and (ii) the intensity of peak 333 increased as the
0.00 amount of standard LPI was added, suggesting that

0 1 2 3 4 glycerolphosphoinositol was not a genuine lipid species

(Standard S1P)/(14:0-LPA) (Molar ratio) in ascites. Rather, it was generated during mass spec-
trometry analysis.

B60.0
50.0 y 13.899x - 3,3607 .. Other Lyso-PLs Detected in the Negative Mode
40.0 - The solvent system used for TLC development (Ma-

0 .terials and Methods) can separate different lyso-PLs as
S30.0 described previously (15). Standard lyso-PLs, includ-

20.0 ing LPC, LPE, LPG, LPI, LPS, PAF, and lyso-PAF1 .. were applied to the TLC plates along with lipid sam-
10.0 •" ples extracted from ascites. The lipids at locations cor-
0.0 responding to various lyso-PLs were eluted and ana-

1 2 3 4 5 lyzed. In the negative mode, other than different
-10.0 subclasses of LPAs, we also detected LPIs with differ-

(Standard SPC)/(17:0-LPC) (Molar ratio) ent fatty acid chains in ascites samples. The ion peaks
at m/z 571, 599, and 619 were 16:0-, 18:0-, and 20:4-

FIG. 4. Standard curves of SPC and S1P. (A). S1P standard curve: LP5s9,rande619 were 16).

internal standard 14:0-LPA was used and the ionization ratios were LPIs, respectively (15) (Fig. 1A).

determined in the parent of 79 MRM scan mode in negative detec- We did not detect LPS (15), LPE, or LPG in the
tion. (B). SPC standard curve: internal standard 17:0-LPC was used bands corresponding to standard LPS, LPE, or LPG.
and the ionization ratios were determined in the parent of 184 MRM However, several ion peaks at mlz 466, 480, 493, 506,
scan mode in positive detection. and 529 were detected in the "LPE band" and the "LPG

band" (Fig. 2A). Based on their molecular weights and
LPA identified ion peaks 395 and 423 as 16:0- and the MS/MS analyses shown in Figs. 2B and 2C, they
18:0-alkyl-LPAs (data not shown). The ion peaks at 393 appeared to be the N-methylated derivatives of LPE.
and 421 were identified as 16:0- and 18:0-alkenyl-LPAs For example, the ion peak at m/z 466 was assigned to
by three lines of evidence: (i) the parental molecular N-methyl-16:0-LPE, 480 to NN-dimethyl-16:0-LPE,
weight; (ii) the MS/MS spectrum of ion peaks at 393 493 to N-methyl-18:1-LPE, 506 to NN-dimethyl-18:1-
and 421, compared with 16:0- and 18:0-alkenyl-LPA LPE, and 529 to NN-dimethyl-20:4-LPE through
produced through PLD reaction (Materials and Meth- MS/MS analyses (Figs. 2B-2D).
ods) (Figs. IC, 1D, 1E, and 1F); and (iii) ion peaks at 393
and 421 were sensitive to HC1 treatment: two ascites
samples were extracted using the method as described SPC, Lyso-PAF, and LPC Were Present in Ascites
under Materials and Methods. The lipids were then Samples
suspended in 50 /l MeOH:chloroform (2:1) and then Phosphorylcholine-containing lyso-PLs were detect-
spotted on a TLC plate. The TLC plate was placed in a able with high sensitivity in the parent of 184 scan
TLC tank, which was saturated with HC1 vapors (gen- mode with positive detection. As shown in Fig. 3A, we
erated by placing 50 ml concentrated HC1 in a sealed found that relatively low levels of SPC, lyso-PAF, and
TLC tank) for 15 min. The sample spots were eluted high levels of LPCs were present in ascites. The MS
with 2 ml of MeOH:chloroform (2:1) twice and dried spectrum of the standard compounds (SPC, lyso-PAF,
under nitrogen at 40'C. As controls, the same ascites 16:0- and 18:0-LPC) using similar molar ratios found in
samples were extracted and spotted on a TLC plate in ascites is shown in Fig. 3B for comparison, and the
a similar fashion and the plate was placed in a TLC identifications of ion peaks at m/z 465 (SPC), 482 (lyso-
tank without the HC1 vapors. These samples were sub- PAF), 496 (16:0-LPC), and 524 (18:0-LPC) were con-
jected to MS analysis for comparison. In control sam- firmed by MS/MS analyses (Figs. 3C-3E for lyso-PAF,
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FIG. 5. Standard curves of LPCs. (A) Standard curves of 6:0-, 8:0-, 10:0-, 12:0-, 14:0-, and 16:0-LPCs. (B) 18:0-, 20:0-, 22:0-, and 24:0-LPCs.
(C). The relationship between the ionization and fragmentation efficiencies (as reflected by the slopes of the standard curves in A and B) and
the number of carbon atoms in the fatty acid chain in LPC.

Figs. 3F-3H for SPC, Figs. 31 and 3J for 18:0-LPC). tive mode and SPC in the positive mode were also
The ion peak at m/z 524 could be either 16:0-PAF or established as shown in Fig. 4.
18:0-LPC. However, PAF and LPC can be separated on To establish the standard curves for LPCs, we pur-
TLC (15) and the isolated PAF band from the TLC chased a series of LPCs with the fatty acid chains from
plate did not contain PAF (data not shown), suggesting 6 to 24 carbons (all with even numbers of carbons; from
that ascites from patients with ovarian cancer did not Avanti Polar Lipids, Inc.). The standard curves for
contain detectable amounts of PAF (<5 nM). these LPCs were plotted (Figs. 5A and 5B). We found

that the slopes, which reflect the ionization and frag-
Quantitative Analysis of Different Lipids mentation efficiencies, reached the maximum between

16 and 18 carbons and declined between 18 and 24
The yield/recovery of extraction for SIP was 79 -- carbons, resulting in a bell-shaped curve (slope vs

5%; SPC, 100 ± 5%; and LPI, 80 -_ 5%. Since internal number of carbons in fatty acid chains of LPCs) (Fig.
standards of LPA and LPC were added to the ascites 5C).
samples, the recoveries for these lipids were adjusted
to the standards, and the quantities were calculated Lyso-PLs Are Elevated in Ascites from Patients with
based on the standard curves. Ovarian Cancer Compared to Patients with

For quantitative measurements, standard curves
were established in the MRM mode. Standard curves
for LPA and LPI had been established and described Accumulation of ascitic fluids are most often seen in
previously (15). Standard curves for SIP in the nega- patients with ovarian cancer or some benign liver dis-
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FIG. 6. The levels of various lyso-PLs in 15 pairs of ascites samples. (A) The total LPA and LPI levels; (B) the total alkyl- and alkenyl-LPAs
(A-LPA) levels; (C) the SPC and SIP levels; (D) the total LPC levels; (E) the lyso-PAF levels; and (F) the total phospholipid levels in 15 pairs
of ascites samples.

eases, such as hepatic cirrhosis. Importantly, ovarian of ascites samples from patients with ovarian cancer or
cancer cells are growing in ascitic fluids so that ascites liver failure.
is the living environment for tumor cells. Ascitic fluids Quantitative analyses of lyso-PLs were performed
from patients with ovarian cancer, but not from pa- for all ascites samples in both negative and positive
tients with nonmalignant diseases, stimulate growth modes. Figure 6 shows the data points from the 15
of ovarian tumor cells in vitro and in vivo (11, 12). To pairs of samples for each group of lysolipids, including
determine whether levels of bioactive lyso-PLs, which total acyl-LPAs, total LPIs, total alkyl- and alkenyl-
may be responsible for the different mitogenic activi- LPA, SPC, SiP, lyso-PAF, and total LPC (Figs. 6A to
ties, were different between these two groups of ascites 6E). To determine whether patients with ovarian can-
samples, we quantitatively analyzed the levels of cer had overall increased total phospholipids, the total
LPAs, LPIs, SiP, SPC, lyso-PAF, and LPCs in 15 pairs phosphorus content from these samples was deter-
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TABLE 1

Statistical Analysis of Lyso-PLs in 15 Pairs of Ascites Samples

LPA LPI A-LPA' SPC SiP LPC L-PAFb Total Pi

(11M) (AM) (AM) (nM) (nM) (gM) (AM) (mM)

Ovarian cancer
Mean 18.9 14.7 3.7 71.5 33.5 37.3 0.1 4.7

SD 14.7 9.7 1.7 50.8 20.5 11.6 0.1 2.0

Median 19.4 14.4 3.6 46.1 30.5 36.1 0.2 4.3
Minimum 1.1 1.7 1.0 24.3 12.5 22.1 0.0 1.4

Maximum 54.3 31.5 7.2 188.9 86.1 68.7 0.3 7.6
Nonmalignant

Mean 2.9 0.9 0.4 17.9 21.1 23.8 0.3 3.5

SD 2.0 0.7 0.3 10.1 26.6 10.6 0.2 1.0
Median 2.4 0.7 0.2 15.0 11.1 24.5 0.3 3.5
Minimum 0.4 0.0 0.0 10.3 0.0 4.1 0.0 2.1
Maximum 7.0 2.6 1.1 44.8 100.9 40.7 0.6 5.3

P value 0.0008 0.0001 0.0000 0.0011 0.1631 0.0025 0.0227 0.0466

A-LPA, total alkyl- and alkenyl LPAs.
SL-PAF, lyso-PAF.

mined and results are shown in Fig. 6F. The statistical when the length of the fatty acid chain increases (15).
analyses were conducted and the results are summa- Similarly, LPCs from 14:0 to 18:0 also demonstrated
rized in Table 1. increased slopes, suggesting increased ionization effi-

ciencies and fragmentation efficiencies. LPAs with

DISCUSSION longer fatty acid chains were not commercially avail-
able and the ionization efficiencies and fragmentationUsing quantitative ESI-MS, we confirmed our previ- efficiencies for those LPAs were not detected directly.

ous observations analyzed by gas chromatography that In our previous report, we predicted the trend of in-

high concentrations (1-54 tLM) of LPAs are present in c reaioon efficenies may tinu f in-

ovarian cancer ascites. However, the ESI-MS method creased ionization efficiencies may continue for LPAs

offers several advantages when compared with the GC with longer fatty acid chains, such as 20:4- and 22:6-

method: (i) ESI-MS uses soft ionization and intact mo- LPAs (15). Based on the results from LPCs, however,

lecular species are detected, which makes the identifi- decreased slopes may also be true for LPAs with long

cation of lipids relatively easy; (ii) structures of inter- fatty acid chains (20-24 carbons).

esting ion peaks can be determined through the The most important finding of this work is that ma-

MS/MS and/or LC/MS/MS analysis; (iii) it simulta- lignant ascites contain significantly higher levels of

neously detects many molecular species, including lip- lyso-PLs, including total acyl-LPAs, total alkyl- and

ids with different fatty acid chains; (iv) it is highly alkenyl-LPAs, total LPIs, SPC, and total LPCs, than

sensitive (typically in the femtomole to low picomole nonmalignant ascites. In contrast, the differences in

range); and (v) the assay can be easily adapted to an SiP and lyso-PAF levels between the two groups of

autosampler. ascites are not significant (Fig. 6 and Table 1). The

We have used the parent of 79 and 184 scan modes to elevated lyso-PL levels are not due to a generalized

detect the presence or absence of ion peaks correspond- overproduction of phospholipids, since the total phos-

ing to a variety of lyso-PLs in ascites sample. These pholipid contents in these two groups of ascites sam-

modes were found to be ideal for obtaining overall ples were not statistically different (P = 0.05; P -

information about the profiles of lyso-PLs in a partic- 0.01 is considered to be statistically significant). We

ular samples. However, MRM is the best for quantita- have previously shown that LPA stimulates tumor cell

tive work, since it is at least 10 times more sensitive proliferation (6, 7). The high levels of bioactive lipids

than the parent scan modes to detect lyso-PLs with may play important roles in tumor development and
higher resolutions. The lyso-PLs with a difference metastasis. Furthermore, these lipids are potentially
mass of 2 can be resolved easily only in the MRM mode useful prognostic markers for disease progression
without loss of required sensitivity (Fig. 1B). and/or novel therapeutic target(s). Total LPIs and total

We reported previously that LPAs (14:0-, 16:0-, and alkyl and alkenyl-LPAs are particularly good (P <
18:0-LPAs) showed increased ionization and fragmen- 0.0001) in distinguishing malignant from nonmalig-
tation efficiencies (as reflected by increased slope) nant ascites.
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We detected three new classes of lysolipids in ascites, 7. Xu, Y., Gaudette, D., Boynton, J., Frankel, A., Fang, X.,
alkyl-LPAs, alkenyl-LPAs, and methylated LPEs, al- Sharma, A., Hurteau, J., Casey, G., Goodbody, A., Mellors, A.,

though the identifications of methylated LPEs remain et al. (1995) Characterization of an ovarian cancer activating
factor in ascites from ovarian cancer patients. Clin. Cancer

to be confirmed by comparing their spectra to that from Res. 1, 1223-1232.
standard methylated LPEs, which are not commer- 8. Berchuck, A., and Carney, M. (1997) Human ovarian cancer of
cially available currently. Synthetic alkyl-LPA has the surface epithelium. Biochem. Pharmacol. 54, 541-544.

been shown to have signaling activities (16-18) and 9. Bookman, M. A. (1998) Biological therapy of ovarian cancer:
induced hypotensive activity on feline arterial blood Current directions. Semin. Oncol. 25, 381-396.

pressure (19, 20). However, naturally occurring alkyl- 10. Westermann, A., Beijnen, J., Moolenaar, W., and Rodenhuis, S.
LPA has only been detected in rat brains recently and (1997) Growth factors in human ovarian cancer. Cancer Treat.
induces rounding in neuroblastoma/glioma hybrid cells Rev. 23, 113-131.

(21). Alkenyl-LPA was generated after corneal injury 11. Mills, G., May, C., McGill, M., Roifman, C., and Mellors, A.

in the aqueous humor and lacrimal gland fluid of the (1988) A putative new growth factor in ascitic fluid from ovarian

rabbit eye (22) and may activate different receptors cancer patients: Identification, characterization, and mechanism

from those for acyl-LPA (23). Both acyl-LPA and al- of action. Cancer Res. 48, 1066-1071.
kenyl-LPA induce proliferation in NIH3T3 cells (24, 12. Mills, G., May, C., Hill, M., Campbell, S., Shaw, P., and

Marks, A. (1990) Ascitic fluid from human ovarian cancer

25). To our knowledge this is the first time that alkyl- patients contains growth factors necessary for intraperitoneal

LPA and alkenyl-LPA were detected in human body growth of human ovarian adenocarcinoma cells. J. Clin. In-

fluids. The biological function of these subclasses of vest. 86, 851-855.
LPAs remains to be determined. However, the relative 13. Hong, G., Baudhuin, L. M., and Xu, Y. (1999) Sphingosine-1-

elevation of these lipids in ovarian cancer ascites vs phosphate modulates growth and adhesion of ovarian cancer

nonmalignant ascites suggests the involvement of cells. FEBS Lett. 460, 513-518.

these lipids in tumor biology. 14. Xu, Y., Shen, Z., Wiper, D., Wu, M., Morton, R., Elson, P.,

N-Monomethylphosphatidylethanolamine (PE) and Kennedy, A., Belinson, J., Markman, M., and Casey, G. (1998)
Lysophosphatidic acid as a potential biomarker for ovarian andN,N-dimethyl-PE are present in animal tissues and other gynecologic cancers. JAMA 280, 719-723.

they are precursors of phosphatidylcholine synthesis 15. Xiao, Y., Chen, Y., Kennedy, A. W., Belinson, J., and Xu, Y.

(26, 27). In addition, the methylation has been demon- (2000) Evaluation of plasma lysophospholipids for diagnostic
strated to be important in transmembrane signaling, significance using electrospray ionization mass spectrometry
Phospholipid methylation is coupled to calcium influx (ESI-MS) analyses. Ann. N. Y. Acad. Sci. 905, 242-259.
and the release of arachidonic acid (28). However, to 16. Simon, M., Chap, H., and Douste-Blazy, L. (1982) Human plate-

our knowledge, methylated derivatives of LPE have let aggregation induced by 1-alkyl-lysophosphatidic acid and its

not been reported and their biological function(s) re- analogs: A new group of phospholipid mediators? Biochem. Bio-

mains to be determined. phys. Res. Commun. 108, 1743-1750.
17. Svetlov, S., Siafaka-Kapadai, A., Hanahan, D., and Olson, M.

(1996) Signaling responses to alkyllysophosphatidic acid: The
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The Role and Clinical Applications of Bioactive
Lysolipids in Ovarian Cancer

Yan Xu, PhD, Yi-jin Xiao, PhD, Linnea M. Baudhuin, MS, and
Benjamin M. Schwartz, MD

OBjEcTrVE: To review the current understanding of the role of bioactive lysolipids in ovarian cancer and

their potential clinical applications.

METODS: A MEDLINE search and our own work, including some unpublished work, are the major

sources of the review. The MEDLINE search terms used included lysophosphatidic acid, lysophophatidyl-

choline (LPC), lysophosphatidylinositol (LPI), sphingosine- I -phosphate, and sphingosylphosphorylcholine

(SPC).
RE•uLTS: Elevated lysolipid levels were detected in plasma and ascites samples from patients with

ovarian cancer compared with samples from healthy controls or patients with nonmalignant diseases. These

lysolipids regulate growth adhesion, production of angiogenicfactors, and chemotherapeutic drug resistance in

ovarian cancer cells. Ovarian cancer cells were likely to be at least one of the sources for elevated lysolipid levels

in the blood and ascites of patients with ovarian cancer.

CONCLUSIONS: Bioactive lysolipid levels might be sensitive markers for detecting gynecologic cancers,
particularly ovarian cancer. The prognostic value of lysolipids in ascites is worth furher investigation.

Bioactive lysolipid molecules can affect both the proliferative and metastatic potentials of ovarian cancer cells;

therefore, regulation of the production or degradation of these lipids and interception of the interaction between

these lipids and their receptors could provide novel and useful preventative or therapeutic measures. U Soc

Gynecol Investig 2001;8:1-13) Copyright C 2001 by the Society for Gynecologic Investigation.

KEY wORDs: Ovarian cancer, bioactive lysolipids, lysophosphatidic acid, diagnosis. clinical
management.

varian carcinoma has the worst prognosis of any detection of the disease, development of better prognostic and

gynecologic malignancy because of difficulties in clinical treatment methods for patients, and further under-

early detection, the high metastatic potential of the standing of the mechanisms of growth regulation of ovarian

tumor, and the lack of highly effective treatments for the cancer by studying growth-stimulating Eactors and their path-

metastatic disease.' If the disease is detected at stage I (confined ways. This third objective will provide information for poten-

to the ovaries), the long-term survival rate is approximately tial new therapeutic targets and methods.

90%; however, more than 70% of women with ovarian cancer One of the frequent consequences of the metastasis of

have advanced stage disease (spread to the abdominal cavity ovarian tumors to the peritoneal cavity is the production of

and/or other organs) at diagnosis, and the 5-year survival rate large volumes of ascitic fluids. Ascites from patients with

for those women remains very poor (only 20-30%).t-'3 The ovarian cancer typically contains a high number of tumor cells,

processes governing growth and metastasis of ovarian carcino- mesothelial cells, lymphocytes, other hematopoietic cells, and

mas have been studied in the past few decades but are still soluble growth-regulating factors. These factors potentially

poorly understood, regulate growth metastasis and chemosensitivity of the tumor

In order to improve the overall outcome of ovarian cancer, cells."' Peptide factors related to ovarian cancer include epi-

significant progress in the following areas is required. devel- dermal growth factor (EGF), basic fibroblastic growth factor

opment of highly sensitive and reliable methods for early (bFGF), transforming growth factor-a (TGF-a), TGF-03, vas-

cular endothelial growth factor (VEGF), macrophage colony-

Frn the cpr of Cancer ioluy Research Instie ad te Dstimulating factor (CSF-1), interleukin-2 (1L-2), 1.-6, IL-8,

ni1nc1ufGyreclugyandObstecri" C.veandClinicFoundatio:andthDepartment(i IL-10, and tumor necrosis factor-a (TNF-a)." 6 We and
Chcnuiay. Clewdznd Stat Univcmrty. (7vehnd. Ohio. others have recently found that, in addition to these peptide
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Figure 1. The structures of different lysolipids, including subcla&ses of lysophosphatidic acid (LPA), lysophospholipid-X (LPX), and two
lysosp hin golip ids--sphingosine-l -phosphate (SIP) and sphingosylphosphorylcholine (SPC). R = the long aliphatic side chain. LP~s can also
have different fastty acid chains, as indicated in acyl-LPA structure. The structures of LP~s (onily oleoyl-.LP~s) and their diflrent molecular
weights are shown in the figure. Arraws point to distinguishing structural features in each funimiy of lysolipid~s.

BIOACTIVE LYSO LIPIDS properties in cellular systems. These molecules have different
Although previously viewed primarily as structural building head groups attached to the phosphate and include lysophos-
blocks of the cell membrane, lipid~s and lysolipids are no phatidylethanolamnine (LPE), lysophospharidylcholine (LPC),
recognized as important cell-signaling molecules. 7 '4 These lip- lysophosphatidyiglycerol (LPG), lysophosphatidylinositol (LPI),
ids can be classified generally into two major groups, intracel- and lysophosphatidlylserine (LPS) (Figure 1). Two lysosphin-
lular and extracelluhar, with some lipid molecules being both golipid molecules, sphingosine-l -phosphate (SIP) and sphin-
intracellular and extracellular.')LO Among extracellular signal- gosylphosphorylcholine (SPC), are both extracellular and
ing lipid molecules, lysophosphatidic acid (LPA) has been intracellular signaling molecules. ,10,1 2 ,13 The structures of the
studied most etnsivl. . Lysophosphatidlic acid consists of subclasses of LPAs, ie, acyl-LPA, alkyl-LPA, alkenyl-LPA,
rmany different molecular species as a result of alterations in the lysophospholipid-X (LPX), SIP, and SPC, are shown in Fig-
fatty acid chain, as indicated in Figure 1. In addition, the ure I.
long-chain aliphatic group (the R group in Figure 1) may link All of the lipid molecules shown in Figure 1 are phosphate-
to the glycerol backbone through different chemical linkages containing lysolipid~s (lyso-PI-s) with a glycerol or sphingosine
resulting in various subclasses of LPAs (acyl-, alkyl-, and alk- backbone. They are less hydrophobic compared with their
enyl-LPAs). Other lysophospholipids mnight also have signaling diacyl or N-acyl partners and can be secreted extracellularly.
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Table 1. The Biological Functions of Lysophosphatidic acid, Sphingosine-1-phosphate, and Sphingosylphosphorylcholine

LPA SiP SPC

Cell differentiation (stimulation or inhibition) 14-16 17-19 20
Cell invasion, activation, or inhibition; cell motility 21-26 27-33 20
Chemotaxis 34, 35 27, 36-38 20
Cell morphologic and shape changes 34, 39, 40 41-43 20
Cell contraction 44-46 47 47, 48
Wound healing 49, 50 51 52
Platelet activation 53-66 43, 58, 67, 68 69
Gene regulation 70, 25, 71-73 74 74, 75
Superoxide or nitric oxide regulation 76 77-79 80
Disease related 81-87 88 89, 90
LPA = ly;opho~phaidic add: SIP = phingosine-l-phmsphate: SPC = sphingosvyphoiphorylchotine
Data are reference numbers.

More importantly most of them have been clearly shown to be cer.tsy, 6 We found that LPA isolated from ovarian cancer
signaling molecules. 7' 10 .11"t3 These molecules have a broad ascitic fluids had tumor growth-promoting activity.
range of biologic effects on a variety of cellular systems through Ovarian cancer is associated with the production of a large
numerous signaling pathways, which are summarized in Tables volume of peritoneal ascites. Ovarian cancer cells usually grow
1 and 2. These lipids regulate cell growth, and these growth on the surface of the ovary, which is situated in the peritoneal
effects are dependent on the cellular environment. In most cavity, or they metastasize to other organs in the peritoneal
cases, LPA promotes cell proliferation and prevents apoptosis; cavity. Therefore, ascites represents the in vivo environment
S1P has dual roles (both growth stimulation and inhibition); for the tumor. To a large extent, tumor cells are growing in
and SPC promotes cell proliferation in several nonmalignant suspension in ascitic fluids. Ascitic fluids from patients with
cell types but inhibits cell growth in leukemia, breast, ovarian, ovarian cancer but not from patients with benign diseases that
and pancreatic cancer cells (Table 3). These lipids apparently produce large volumes of ascites, such as hepatic cirrhosis,
have even broader biologic effects on different cell and tissue stimulated intracellular calcium release from ovarian cancer
types, a phenomenon that has not been well characterized. In cells in vitro. This activity was not associated with any of the
particular, our understanding of the role of these lipid mole- peptide factors previously mentioned, thereby implicating a
cules in cancer development has just begun. novel factor(s). Furthermore, normal ovarian epithelial cells

and fresh or cultured lymphoid cells did not respond to thatOCCURRENCE OF BIOACTIVE LYSOLIPIDS IN factor."' In addition, ascitic fluids stimulated proliferation of
OVARIAN CANCER ovarian cancer cells in vivo in nude mice."'8 The human

Our understanding of the potential involvement of bioactive ovarian cancer cell line HEY grew intraperitoneally in nude
lysolipids in ovarian cancer began when we identified LPA as mice in the presence but not absence of ascites from human
an activating factor in ascites from patients with ovarian can- ovarian cancer patients. The mice eventually developed ascites

Table 2. Receptors and Signaling Pathways of Lysophosphatidic acid, Sphingosine-l-phosphate, and Sphingosylphosphorylcholine

LPA SIP SPC

Receptor 8, 29, 91-96 (Edg2, 4, 7) 8, 29, 91-98 (Edgl, 3, 5, 6, 8) OGRI, 99
Increase intracellular calcium 8, 96 100-103 99, 104-106
Potassium channel 107 108 109, 110
Chloride efflux 111 112 112
Arachidonic acid release 113 114 115
cAMP increase or decrease 113 41, 116-120 106, 115, 121, 122
PKC activation 123 124 125, 126
PLC activation 32, 127, 128 119 129
PLA2 activation 8, 96 ... 130
PLD activation 131 132-136 132, 137
PI3K/Akt activation 138, 139 ... ...
NF-KB activation 140 141 ...
Ras activation 11, 96, 142, 143 96 115, 118, 144
Tyrosine phosphorylation 143, 145, 146 147 148, 149
MAP kinase activation 116, 143, 146, 150-152 153, 154 99, 155
Rho activation 32, 150 149 156, 121, 148, 157, 158
LPA = 1sphosphatidic acid: SIP = phing.ie-l-pho'phate: SPC = sphigo•Iphophorylcholine: cAMP = cyclic adenosine monuphomph3te: PKC = proe kinase C:

phopholip.se C; phospholipame A,: PLD = ph phouipas D: P13K = phonplfuidytinositol 3-kiaa,.e: Akt = hunoan cellular homnologue. of the viral oncogene v.Akt. Also knowni as
protein kinrae 0: MAP = nitogen-acdvated protein.

Data are reference numbcer.
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Table 3. Growth Effects of Lysophosphatidic acid, Sphhigosine-I-phosphate, and Sphingosylphosphorylcholine

LPA SIP SPC

DNA synthesis 159 160 115
Cell proliferation 159, 161-t65 160, 166-169 115, 170-174
Growth inhibition 175 168, 176, 177 152, 178, 179
Apoptosis stimulation or prevention 180-182 166, 169, 183, 184 ...

Abbreviations s in Table 1.
Dam are rference numbers.

that contained potent growth-stimulating activity, suggesting tached,'17
6"'

8s but S1P (1-15 l±M) had a dual effect on ovarian
an autocrine mechanism of growth regulation."is Ascites from cancer cell growth and survival: it induced death in cells that
patients with benign diseases was ineffective at tumor were in suspension but stimulated growth in cells that were
induction.1ts attached.' 89 In contrast, SPC (1-15 ;.M) inhibited cell growth

We purified and identified this factor with growth-stimu- regardless of cell attachment status. t85

lating activity in ascites from ovarian cancer patients and Lysophosphatidylinositol species with different fatty acid
termed it ovarian cancer activating factor (OCAF).i8 1 Ovarian side chains are present and elevated in the blood and ascites of
cancer activating factor is not a peptide growth factor or patients with ovarian cancer (see below for details). Lysophos-
cytokine that has been identified previously. Instead, OCAF is phatidylinositol levels were elevated and were mitogenically
composed of several molecular species of LPA. Both OCAF active in k-Ras-transformed epithelial cells&.'" However, our
and synthetic LPA stimulated the growth of ovarian cancer preliminary studies indicated that LPI had no effect on the
cells in vitro. t'1'-86 We have also reported that SIP is present growth of ovarian cancer cells in vitro (unpublished results).
in ascites from patients with ovarian cancer. i89 Another lysolipid, LPS, which is not present in ascites had a

More recently we developed an electrospray ionization mass limited effect on the growth of ovarian cancer cells unless high
spectrometry (ESI-MS)-based assay for detection and quanti- concentrations (greater than 20 p.M) were used.'tg
fication of LPA and closely related lysolipids. This method can
reproducibly detect various lipid species simultaneously with Effects of Different Lysolipid Molecules on
high sensitivity.'" Using this method we detected alkyl-LPA-s Cell Morphology, Mobility, Adhesion,
and alkenyl-LPAs for the first time in human body fluids and Invasion
(ascites from patients with ovarian cancer). We also detected
SPC and other lysolipidcs in ovarian cancer ascites, which is Tumor metastas remains a major cause of death for cancer

described later in more detail. Most importantly, levels of these patients. Several events are required for malignant cells to

bioactive lysolipids were higher in bloodg' 1t90 and ascitic fluids detach from the primary tumor site, migrate to distant sites and

from patients with ovarian cancer compared with normal proliferate at these sites, including blood vessel formation

healthy controls or patients with nonmalignant diseases. These (angiogenesis), cell attachment, invasion (matrix degradation

findings suggested that those lipid molecules are likely to be and cell motility), and cell proliferation.1 92
."

93 In relation to
pathologically relevant to ovarian cancer. these metastatic events, we found that different lysolipids reg-

ulate cell morphology and cell-cell or cell-matrix adhesion
BIOLOGICAL FUNCTIONS OF LYSOLIPIDS IN differently.' 9 Whereas LPA enhances cell attachment, both

OVARIAN CANCER CELLS SIP and SPC inhibit cell adhesion to the surface of tissue

The biologic functions of most markers currently used in culture dishes and to the following extracellular matrix (ECM)
ovarian cancer, including CA 125, are unknown. In contrast, proteins: laminin, collagens I and IV, and fibronectin.t"
the discovery and development of lysolipid markers began Sphingosine-1-phosphate also induced cell-cell aggregation in
from functional studies. Considerable information pertaining suspended cells.' 89

to lysolipid.s has been collected recently to indicate that lyso- Lysophosphatidic acid (20 [.M) was shown to upregulate
lipids might be involved in the initiation and development of urokinase plasminogen activator (uPA) production in both the
ovarian cancer. SKOV3 and OVCAR3 ovarian cancer cell lines. 7

1 Urokinase
plasminogen activator contributes to metastasis and migration

The Effects of Different Lysolipid Molecules because it catalyzes the conversion of plasminogen to plasmin,
on Cell Growth of Ovarian Cancer Cells thus leading to degradation of the basement membrane.7'

We observed distinct and sometimes opposite growth effects Furthermore, in ovarian cancer cells, LPA stimulates the acti-
induced by different lysolipid molecules on ovarian cancer vation of matrix metalloproteinase 2,9'* an important extra-
cells. Because ovarian tumor cells can grow either as solid cellular matrix protease involved in tumor metastasis.
tumor or as individual cells floating in ascites, we tested the cell Although not directly tested in ovarian cancer cells, LPA in-
growth effects of lysolipids on attached and detached ovarian duced tumor cell invasion in other types of tuinor cells.2i' 3

'1
9

5'196
cancer cells. We found that LPA (1-15 p.M) stimulated ovarian Conversely, SIP has a more complex effect on different cell types
cancer cell growth when cells were either attached or de- by being either stimulatory or inhibitory on cell motility. 27 "5'6196
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Taken together these results suggest that LPA and other lysolipids reagents, which are the most frequently used drugs in the
may regulate merastasis of ovarian tumors,. treatment of ovarian cancer. This resistance appears to occur

because OCAF/LPA can decrease the ability of cisplatin to
Regulation of Angiogenic Factors by induce apoptosis.210

Bioactive Lipids in Ovarian Cancer Cells [nterleukin-8 has been identified as a differentially upregu-
Angiogenesis underlies progressive tumor events such as me- lated gene in the paclitaxel- and adriamycin-resistant human
tastasis. Interleukin-8 (IL-8) is a proinflammnatory and proan- ovarian carcinoma cell lines SKOV3 and CAOV3, as well as in
giogenic factor. High expression of IL-8 mRNA has been cell lines from other carcinomas. This suggests that [L-8 might
detected in clinical specimens of late-stage ovarian carcino- have a general role in the multidrug-resistant phenotype or in
mas19 7

,
19

8 and in malignant ascites. 199-211 It has been shown the stress response of cells exposed to an antineoplastic
that the expression level of IL-8 directly correlates with the agent.2 1

1 Our findings that lysolipidcs regulate IL-8 expression
progression of human ovarian carcinomas implanted into the and production suggest a potential link between lysolipids and
peritoneal cavity of nude mice. Furthermore, the mean sur- drug resistance.
vival rates of mice bearing tumors derived from human ovarian
cancer cells are inversely associated with the expression of RECEPTORS FOR LYSOLIPIDS AND THEIR
1L-8.198 SIGNALING PATHWAYS

Several factors have been shown to regulate IL-8 in ovarian
cancer cells. Hypoxia, which is a common feature of solid Receptors for Lysolipids in Ovarian Cancer
tumors, induces IL-8 expression in the human ovarian cancer Recently, eight receptors known as endothelial differentiation
cell lines SKOV3 and HEY-8A.a°2 All-trans-retinoic acid and gene (Edg) receptors have been identified as receptors for LPA
TNF-ot stimulate IL-8 release and mRNA expression in the or SIP. 212 -21 ' Many of these receptors are expressed in ovarian
human ovarian cancer cell line HOC-7.2113 In addition, pacli- cancer cells lines. For example, HEY cells express Edgl and
taxel, a chemotherapeutic drug for ovarian cancer, induces Edg3, which are receptors for SIP, as well as Edg2, a receptor
IL-8 transcription and secretion in a subset of human ovarian for LPA (authors' unpublished results). Another LPA receptor,
cancer cells (OVCA420 and OVCA429 but not OVCA194 or Edg4, is prominently expressed in primary cultures and estab-
OCVA432). 20 4 Other physiologic and pathologic conditions lished liles of ovarian cancer cells but not in nonmalignant
might also contribute to the regulation of [L-8 expression and ovarian surface epithelial cells. 21 ' Conversely, Edg2, another
secretion in ovarian cancer cells. LPA receptor, mlight mediate LPA-independent apoptosis in

We found that several lysolipid factors in ascites, including ovarian cancer cells."'8 The receptors for SIP (Edgl, Edg3,
lysophosphatidic acid (LPA), sphingosine-l-phosphate (SIP), Edg5, and Edg6) are also low-affinity receptors for SPC.t'at2 1
and sphingosylphosphorylcholine (SPC), increased mRNA Recently we identified the first highly specific and high-
levels and protein secretion of IL-8 from ovarian cancer cells in affinity receptor for SPC.9 9 We have shown that SPC is a
vitro. These regulations are both time-dependent and dose- high-afity ligand for an orphan ovarian cancer G-protein
dependent. Each pidcoupled receptor 1 (OGR). In OGR-ransfected cells SPC
signaling pathwavysn We also found that both S1P and SPC binds to OGR1 with high affinity (dissociation constant =
at pathologic concentrations found in ascites (20-100 nM), 33.3 nM) and high specificity, transiently increases intercellular
were synergistic with 5-15 p.M of LPA in enhancing IL-8 calcium, activates p42/44 mnitogen-activated protein (MAP)
production from HEY cells.2 0-5 The fact that ML-8 secretion kinases, and inhibits cell proliferation. In addition SPC causes
was stimulated by pathologic concentrations of individual or iinternalization of OGR1 in a structurally specific matrner."
combined lipids suggests that these lipids might regulate IL-8 Ovarian cancer HEY and OCCI cell lines both express
in vivo and might be pathologically related to the development
of the disease. 2

03 OGR1'.,

Modulation of Chemosensitivity Activation of Signaling Pathways by
Ovarian carcinomas are usually chemosensitive. After surgical Lysolipids in Ovarian Cancer
debulking, systemic or intraperitoneal delivery of antineoplas- The signaling pathways of LPA, SIP, and SPC have been
tic agents is the main treatment for patients with ovarian studied extensively in fibroblasts and other cellular sys-
cancer.20

°-2
05 Platinum- or paclitaxel-containing anticancer tems.5. 11

.. 1
3 Through their receptors, these lipids activate at

drugs are the main therapeutic agents for ovarian cancer.-29 least three classes of G proteins: Gi, G., and G12113. Lipid-
Unfortunately most patients with stage [If or IV disease are dependent activation of the Gi pathway is linked to the
not cured by these therapies, and when cancer recurs, the pa- Litogenic Ras-MAPK cascade in addition to possible involve-

tients usually develop resistance to their prior chemotherapy ment of phosphoinositide 3-kinase (P13K). The lipid-activated
drugs. 210 Studying and understanding the mechanism of che- G,q activates phospholipase C (PLC), which is linked to
moresistance is important to overcoming this problem. calcium release and protein kinase C (PKC) activation. Lipid

Lysophosphatidic acid increases the resistance of the HEY receptors can also couple to Gcx.2/i 3 , which activates Rho, a
ovarian cancer cell line to platinum-based chemotheropeutic key regulator of the cytoskeleton.i'' The Rho pathway acti-
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yates early gene transcription through the serum response are benign.2 2 2 In some patients with concurrent medical con-
factor. Works by us and others suggest that similar signaling ditions, surgical intervention could put the patient at signifi-
pathways are also active in ovarian cancer cells.s'5t86 cant risk. In addition, many younger women might have

INTRACELLULAR CALCIUM ([Ca2+].) RELEASE AND ovarian surgery with possible oophorectomy for a lesion that

TYROS E PHOSPHORYLATION. Intracellular ([Ca 2 +1 D was benign but appeared cancerous on diagnostic evaluation.

and phosphorylated tyrosine are important signaling compo- This will cause some women to be sterilized unnecessarily for

nents that regulate numerous cellular functions. Both LPA and fear of malignancy when cancer actually did not exist.

SPC stimulate transient increases in intracellular calcium To determine whether OCAF or LPA is a diagnostic or
([Ca 2+]i) in ovarian cancer cells.-5 Moreover SPC and LPA prognostic biomarker for ovarian cancer and other cancers, we

cross-desensitize each other in inducing an increase in [Ca2+i, measured LPA levels in plasma from patients with cancer and
suggesting that the signaling pathways activated by these tw from healthy individuals." We found that the ovarian cancer
lipids interact with each other at some point causing receptor patients (n = 48) had significantly higher (P < .0001) plasma
downregulation.18 ' We recently tested alkyl- and alkenyl-LPA LPA levels compared with the control group (n = 48). High
and found that both stimulated transient increases in [Ca 2+]i in plasma LPA levels were detected in nine of ten patients with
ovarian cancer cells (Y. Xu, unpublished results). Lysophos- stage 1; 24 of24 patients with stage If, III, or IV ovarian cancer;
phatidic acid, SPC, and LPS induced a rapid increase in ty- and 14 of 14 patients with recurrent ovarian cancer. Most
rosine phosphorylation of cellular proteins including p tiFA,, patients with other gynecologic cancers (33 of 36) also had
the EGF receptor, and other unidentified proteinsl t 8s elevated LPA levels compared with controls. In contrast, high

plasma LPA levels were detected in onily a minority of healthyMITOGEN-ACTIVATED PROTEIN KINASE ACTIVA- controls (5 of 48) and patients with benign gynecologic dis-

TION. Mitogen-activated protein (MAP) kinases are a mul- eases (5 of 48) and patients with benast gy n c (s
eases (4 of 18) and in none of the patients with breast cancer (0tiple gene family activated by many extracellular stimuli, of 11) or leukemia (0 of 5). When compared with LPA, CA

including growth factors and ligands for G-protein coupled 125 data from the same group of ovarian cancer patients
receptors (GPCRs) through either Gi- or Gq/tt-mediated showed a substantially lower rate of detection, especially in
pathways. 219 Based on their dual phosphorylation motifs, there
are three groups of MAP kinases: extracellular signal-regulated tha t usig the ESI-MS method we foundprot in ina es E R ~ /2) stess- cti ate pr tei ki ase that both LPA an d LPI are elevated in plasma from patients
(SAPK)/c-Jun N-terminal kinase (JNK), and p38. Mitogen- with ovarian cancer compared with healthy controls, and theactivated protein kinases mediate diverse proceses rgin combination of both of these lipids might provide betterfrom stimulation of proliferation to induction of celle ranging sensitivity than each lipid individually in detection of thedisease.' 90 These results suggest that LPA and related lysophos-tiation or apoptosis. Although p42/44 kinases are mainly in-
volved in mitogenic signaling, they also participate i pholipids could be useful markers for the early detection of
induction of cell differentiation and growth inhibition. 2 t9-22

1 ovarian cancer. In order to critically evaluate the diagnostic
Lysophosphatidic acid but not SPC activates p42/44 mitogen- significance of LPA and related lipid.s, large scale clinical trials
activated protein (MAP) kinase activation in ovarian cancer are currently being conducted at Atairgin Biotechnologies,
cells.185 Inc. (Irvine, CA), the Cleveland Clinic Foundation, North-

western University, MD Anderson Cancer Center, University
of California at Los Angeles, University of California at DavisCLINICAL APPLICATIONS OF LYSOLIPIDS IN and Toronto General Hospital.OVARIAN CANCER

Diagnosis Prognosis and Clinical Management
The importance of developing better tools for the screening of Using the ESI-MS method, we compared the lysophospho-
asymptomatic patients for ovarian cancer cannot be under- lipid contents of ascites samples from patients with ovarian
stated. However, such a modality for ovarian cancer has eluded cancer to patients with nonmalignant diseases.2 23 Statistically
researchers to date. The presently available screening tools for significantly higher concentrations of bioactive lysolipids, in-
ovarian cancer (ultrasound, CA 125 blood testing, and pelvic cluding alkyl-LPAs, alkenyl-LPAs, LPIs, and SPC, were
examination) are insensitive to early-stage disease and/or are present in ascites or washings from patients with ovarian can-
highly nonspecific. Lack of sensitivity results in a decreased cer. These lipids: may represent sensitive and specific markers
ability to diagnose early-stage ovarian cancer. Poor specificity for differentiating between benign and malignant masses im
means that many patients with abnormal test findings have to ascites. In addition, measurement oflysolipids in ascites may be
undergo surgical exploration to exclude the presence of ma- complementary to presently accepted blood tests in providing
lignancy. It is estimated that 5-10% of all women in the United increased sensitivity or specificity for the detection of ovarian
States will have a surgical procedure for a suspected ovarian or other gynecologic cancers. Furthermore, these lipid mole-
neoplasm during their lifetime, and only 13-21% of these cules might be useful as prognostic markers for ovarian cancer,
women will have an ovarian malignancy.222 This low percent- in the clinical treatment of ovarian cancer, and in the devel-
age is because the overwhelming majority of adnexal masses opment of novel therapeutic targets.
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Potential Therapeutic Applications cells, a critical step for the development of new strategies to
A.s described above, lysolipids are likely to be involved in modulate the actions of lipids.

ovarian cancer by regulating various aspects of tumor devel-
opment, and elevated lysolipid levels in blood and ascites are CONCLUSION
associated with the disease. Therefore,, controlling the levels In sunmary, LPA and other lysolipids are present and elevated
and activities of these lysolipidcs could be a novel therapeutic in blood and ascites from patients with ovarian cancer coin-
means of treating the disease. pared with healthy controls or patients with nonmalignant

To control the levels of these lipids, we first need to un- diseases, such as liver cirrhosis or ovarian fibrothecomars. Ele-
derstand how and where the elevated lysolipids are generated. vated lipid concentrations might regulate tumor cell growth
Most of the available information related to LPA production is and metastasis in vivo. Although the concentrations of SIP or
from studies in platelets; LPA is produced during blood coag- SPC present in ascites alone (20-200 nM) are not high enough

ulation and platelet activation. It is a normal constituent of to induce significant growth regulatory effects on ovarian

serum but not of plasma or whole blood, where platelets are cancer cells cultured in vitro, they are sufficient to induce early

not activated. 22"- 22 ' Because we found that over 95% of signaling events, including an increase in intracellular calcium

patients with gynecologic cancer had elevated plasma LPA ([Ca +]) activation of MAP kinase or cell rounding."" More

levels whereas patients with breast cancer or leukemia did important, these lipids may have a combinatorial effect (addi-

not,"' 0 it seems unlikely that a nonspecific platelet effect could tive, synergistic, or inhibitory) with other lipids as we have

explain the association of gynecologic cancer and elevated shown in regulation of IL-8 production. These results provide

plasma LPA. Westermann et al' reported that malignant effus- the basis for further investigation, not only of the pathologic

sions from ovarian cancer contain higher LPA-like activities role of these lipids in cancer development but also of their
compared with effusions from other tumors, including breast potential clinical applications for cancer detection, predicting
and lung cancers. These data suggest that there might be prognosis, clinical treatment, and therapeutic treatment.

increased production of LPA associated specifically with ovar-
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We showed that ovarian cancer cells, but not breast or 1. ACS Cancer Facts & Figures-2000. American Cancer Society
leukemia cells, can produce LPA upon stimulation with a Inc, New York, 2000.
phorbol ester, PMA, through PKC and phospholipase A, 2. Schwartz PE, Taylor KJ. Is early detection of ovarian cancer

"vt possible? Ann Med 1995;27:519-28.
(PLA2) activation in vitro.12 These data suggest that ovarian 3. Taylor KJ, Schwartz PE. Screening for early ovarian cancer.
cancer cells may be at least one of the sources for elevated levels Radiology 1994;192:1-10.
of LPA and other bioacrive lipids. However the pathologic 4. Westermann AM, BeijnenJH, Moolenaar WH, Rodenhuis S.
source(s) and stimuli for the production of LPA and other Growth factors in human ovarian cancer. Cancer Treat Rev

lysolipi reain to be determined. 1997;23:113-31.
5. Berchuck A, Carney M. Human ovarian cancer of the surf-ace

A variety of enzymes, including PLA2, lysophospholipase D, epithelium. Biochem Pharmacol 1997;54:541-4.
phosphatidic acid phosphatases (PAPs), sphingomyelinase, and 6. Bookman MA. Biological therapy of ovarian cancer: Current
sphingosine kinase or lyase, are involved in the production or directions. Semii Oncol 1998;25:381-96.

7. Liscovitch M, Cantley LC. Lipid second messengers. Cell 1994;degradation of LPA, SiP, SPC, and other lipid mole- 77:329-34.
cules. .,t0,

5 4 '55, 227- 235 These enzymes may be abnormally reg- 8. Mooleiaar WH. Bioactive lysophospholipids and their G pro-
ulated in association with disease initiation or progression. tein-coupled receptors. Exp Cell Res 1999;253:230-8.
They either produce high levels of these lipicds or decrease the 9. Van BrocklynJR, Lee MJ, Menzeleev R, et al. Dual actions of

degradation rate of lipids, resulting in a built-up pool Of sphingosine-1-phosphate: Extracenular through the Gi-coupled
receptor Edg-1 and intracellular to regulate proliferation and

lysolipidcs. Although such abnormalities have not been reported survival. J Cell Biol 1998;142:229-40.
in ovarian cancer, we have recently found that malignant 10. Spiegel S, Milstien S. Sphingolipid metabolites: Members of a
ovarian ascitic fluids contained not only high levels oflysolipids new class of lipid second messengers. J Membr Biol 1995;146:

225-37.but also enzymatic activities that produced different species of 11. Moolenaar WH, Kranenburg 0, Postma FR, Zondag GC.
LPAs. These activities were much higher in ascites from pa- Lysophosphatidic acid: G-protein signalling and cellular re-
tients with ovarian cancer compared with nonmalignant ascites sponses. Curr Opin Cell Biol 1997;9:168-73.
(Y. Xu and Y-j. Xiao, unpubilished results). Although these 12. Meyer zu Heringdorf D, van Koppen qJ, Jakobs KH. Molec-

data are preliminary, they are nonetheless highly intriguing and ular diversity of sphingolipid signalling. FEBS Lett 1997;410:
34-8.

warrant further studies on the enzymatic activities present in 13. Spiegel S. Sphingosine 1-phosphate: a prototype of a new class
ovarian cancer ascites. of second meslsengers. J Leukoc Biol 1999;65:341-4.

Conversely, regulation of lipid activities through their re- 14. Gaits F, SallesJP, Chap H. Dual effect of lysophosphatidic acid
ce rsignaling pathways or their downstream effectors. are on proliferation ofglomerular mesangial cells. Kidniey Int 1997;

ceptor s51:1022-7.
alternative approaches. Aus described above, we have begun to 15. Gennero I, XuerebJM, Simon MF, et al. Effects of lysophos-
understand the mechanism of lipid signaling in ovarian cancer phatidic acid on proliferation and cytosolic Ca+ + of human



8 J Soc Gynecol Investig Vol. 8, No. 1, Jan./Feb. 2001 Xu et al

adult vascular smooth muscle cells in culture. Thrombosis Res WH. Lysophosphatidic acid induces neuronal shape changes via
1999;94:317-26. a novel receptor-mediated signaling pathway: Similarity to

16. Goetzl EJ, Dolezalova H, Kong Y, Zeng L. Dual mechanisms thrombin action. Cell Growth Differentiation 1993;4:247-55.
for lysophospholipid induction of proliferation of human breast 35. Sakai T, Peynichaud 0, Fassler R, Mosher DF. Restoration of
carcinoma cells. Cancer Res 1999;59:4732-7. betalA integrins is required for lysophosphatidic acid-induced

17. Edsall LC, Pirianov GG, Spiegel S. Involvement of sphingosine migration of betal-null mouse fibroblastic cells. J Biol Chem
I-phosphate in nerve growth factor-mediated neuronal survival 1998;273:19378-82.
and differentiation. J Neurosci 1997;17:6952-60. 36. English D, Kovala AT, Welch Z, et al. Induction of endothelial

18. Alessenko AV. The role of sphingomyelin cycle metabolites in cell chemotaxis by sphingosine 1-phosphate and stabilization of
transduction of signals of cell proliferation differentiation and endothelial monolayer barrier function by lysophosphatidic acid
death. Membr Cell Biol 2000; 13:303-20. potential mediators of hematopoietic angiogenesis. J Hemnato-

19. Spiegel S, Cuvillier 0, Ed.sall L, et a]. Roles of sphingosine-l- ther Stem Cell Res 1999;8:627-34.
phosphate in cell growth differentiation and death. Biochemirs- 37. Spiegel S. Sphingosine 1-phosphate: A ligand for the EDG-l
try (Mosc) 1998;63:69-73. fanily of G-protein-coupled receptors. Ann N Y Acad Sci

20. Boguslawski G, Lyons D, Harvey KA, Kovala AT, English D. 2000;905:54-60.
Sphingosylphosphorylcholine induces endothelial cell migration 38. Bornfeldt KE, Graves LM, Raines EW, et al. Sphingosine-l-
and morphogenesis. Biochem Biophys Res Cormnun 2000;272: phosphate inhibits PDGF-induced chemotaxis of humnan arterial
603-9. smooth muscle cells: Spatial and temporal modulation of PDGF

21. linamura F, Mukai M, Ayaki M, et al. Involvement of small chemotactic signal transduction. J Cell Biol 1995;130:193-206.
GTPa.ses Rho and Rac in the invasion of rat ascites hepatoma 39. Ramakers GJA, Moolenaar WH. Regulation of astrocyte mor-
cells. Clin Exp MetastasLs 1999;17:141-8. phology by RhoA and lysophosphatidic acid. Exp Cell Res

22. Genda T, Sakamoto M, Ichida T, et al. Cell motility mediated 1998;245:252-62.
by rho and Rho-associated protein kinase plays a critical role in 40. Baker RR, Chang HY. Lysophosphatidic acid alkylglycero-
intrahepatic meta.stasLs of human hepatocellular carcinoma, phosphate and alkylacetyiglycerophosphate increase the neuro-
Hepatology 1999;30:1027-36. nal nuclear acetylation of 1-acyl lysophosphatidyl choline by

23. Manning TJ Jr, Parker JC, Sontheimer H. Role of lysophos- inhibition of lysophospholipase. Mol Cell Biochem 1999;198:
phatidic acid and rho in glioma cell motility. Cell Motil Cy- 47-55.
toskeleton 2000;45:185-99. 41. Tas PW, Koschel K. Sphingosine-l-phosphate induces a Ca2+

24. Mukai M, Imamura F, Ayaki M, et al. Inhibition of tumor signal in primary rat a.strocytes and a Ca2+ signal and shape
invasion and metasta.sis by a novel lysophosphatidic acid (cyclic changes in C6 rat glioma cells. J Neurosci Res 1998;52:427-34.
LPA). IntJ Cancer 1999;81:918-22. 42. Postma FR, Jalink K, Hengeveld T, Moolenaar WH. Sphin-

25. Panetti TS, Chen H, Misenheimer TM, Getzler SB, Mosher gosine-l-phosphate rapidly induces Rho-dependent neurite re-
DF. Endothelial cell mitogenesLs induced by LPA: Inhibition by traction: Action through a specific cell surface receptor. EMBO
thrombospondin-l and thrombospondin-2. J Lab Clin Med J 1996;15:2388-92.
1997;129:208-16. 43. Yatomi Y, Ruan F, Hakomori S, [garashi Y. Sphingosine-t-

26. Ren XlD, Kios.ses WB, Schwartz MA. Regulation of the small phosphate: A platelet-activating sphingolipid released from ag-
GTP-binding protein Rho by cell adhesion and the cytoskele- onist-stimulated human platelets. Blood 1995;86:193-202.
ton. EMBO J 1999;18:578-85. 44. Kranenburg 0, Poland M, Gebbink M, Oomen L, Moolenaar

27. Wang F, Van Brocklyn JR, Ed.sall L, Nava VE, Spiegel S. WH. Dissociation of LPA-induced cytoskeletal contraction
Sphingosine-1-phosphate inhibits motility ofhuman breast can- from stress fiber formation by differential localization of RhoA.
cer cells independendy of cell surface receptors. Cancer Res J Cell Sci 1997;110:2417-27.
1999;59:6185-91. 45. Manning TJ Jr, Rosenfeld SS, Sontheimer H. Lysophosphatidic

28. Sadahira Y, Zheng M, Ruan F, Hakomori S, [garashi Y. Sphin- acid stimulates actomyosin contraction in astrocytes. J Neurosci
gosine-I-phosphate inhibits extracellular matrix protein-in- Res 1998;53:343-52.
duced haptotactic motility but not adhesion of B16 mouse 46. Toews ML, Ustinova EE, Schultz HD. Lysophosphatidic acid
melanoma cells. FEBS Lett 1994;340:99-103. enhances contractility of isolated airway smooth muscle. J Appl

29. An S. Molecular identification and characterization of G pro- Physiol 1997;83:1216-22.
tein-coupled receptors for lysophosphatidic acid and sphin- 47. Bischoff A, Czyborra P, Fetscher C, Meyer Zu Heringdorf D,
gosine 1-phosphate. Ann N Y Acad Sci 2000;905:25-33. Jakobs KH. Michel MC. Sphingosine-1-phosphate and sphin-

30. Sadahira Y, Ruan F, Hakomori S, lgara.shi Y. Sphingosine gosylphosphorylcholine constrict renal and mesenteric mai-
i-phosphate a specific endogenous signaling molecule control- crove.sels in vitro. BrJ Phannacol 2000;130:1871-7.
ling cell motility and tumor cell invazsivenes. Proc Nad Acad Sci 48. Bitar KN, Yamada H. Modulation of smooth muscle contrac-
U S A 1992;89:9686-90. tion by sphingosylphosphorylcholine. Am J Physiol 1995;269:

31. Spiegel S, Olivera A, Zhang H, Thompson EW, Su Y, Berger G370-7.
A. Sphingosine-I-phosphate a novel second messenger involved 49. Stunn A, Sudennanm T, Schulte KM, Goebell H, Dignas.s AU.
in cell growth regulation and signal transduction affects growth Modulation of intestinal epithelial wound healing in vitro and in
and invasiveness of human breast cancer cells. Breast Cancer vivo by lysophosphatidic acid. Ga.stroenterology 1999; 117:368-
Res Treat 1994;31:337-48. 77.

32. Stain JC, MichieLs F, van der Kaminen RA, Moolenaar WH, 50. Pietruck F, Busch S, Virchow S, Brockaneyer N, Siffert W.
Collard JG. Invasion of T-lymphoma cells: Cooperation be- Signalling properties oflysophosphatidic acid in primary human
tween Rho family GTPases and lysophospholipid receptor sig- skin fibrobla.sts: role of pertu.ssis toxin-sensitive GTP-binding
naling. EMBOJ 1998;17:4066-74. proteins. Naunyn Schmiedebergs Arch Pharmacol 1997;355:

33. Yanai N, Matsui N, Funrsawa T, Okubo T, Obinata M. Sphin- 1-7.
gosine-l-phosphate and lysophosphatidic acid trigger invasion 51. Kuppennan E, An S, Osborne N, Waldron S, Stainier DY. A
of prinmitive hematopoietic cells into stromal cell layers. Blood sphingosine-I-phosphate receptor regulates cell migration dur-
2000;96:139-44. ing vertebrate heart development. Nature 2000;406:192-5.

34. Jalink K, Eichholtz T, Postma FR, van Corven EJ, Moolenaar 52. Sun L, Xu L, Henry FA, Spiegel S, Nielsen TB. A new wound



Bioactive Lysolipids in Ovarian Cancer J Soc Gynecol Investig Vol. 8, No. 1, Jan./Feb. 2001 9

healing agenit--sph~igo~sylphosphorylcholinie. J Investig Derma- phosphatidic acid-stimulated mritogeii-activated protein kinase
tol 1996;106:232-7. pathway. j Biol Chem 1998;273:14468-7,9.

53. Imamura F, Shinkai K, Mukai M, et a]. Rho-mediated protein 73. Reiser CO, Lanz T, Hofninan F, Hofer G, Rupprecht HID,
tyrosine phosphorylation in lysophosphatidiic-acid-iniduced tu- Goppelt-Struebe M. Lysophosphatidic acid-mediated signal-
mor-cell invasion. nt J Cancer 1996;6.5:627-32. transduction pathways involved in the induction of the early-

54. Jalink K. Moolenaar WH, Van Duijn B. Lysophosphatidic acid response genles prostaglandin G/H synthalse-2 and Egr-1: A
is a chemoattractant for Dictyostelium discoiderun amoebae, critical role for the mitogen-activated protein kina~se p38 and for
Proc Nad Acad Sci U S A 1993;90:1857-61. Rho proteins. BiochemJ 1998,330:1107-14.

55. Snitko Y, Yoon ET, Cho W. High specificity of human secre- 74. Berger A, Bittmnan R, Schmidt RR, Spiegel S. Structural re-
tory class 11 phospholipase A2 for phosphatidic acid. Biochemj quirements of sphingosylphosphocholine and sphingosine-I-
1997;321:737-41. phosphate for stimulation of activator protein-I activity. Mol

56. Nugent D, Xu Y. Sphingosine- I-phosphate: Characterization Pharmacol 1996;--0:451-7.
of its inhibition of platelet aggrega.tion. Platelets 2000;l11:226- 75. Imokawa G, Takagi Y, H-iguchi K, Kondo H, Yada Y. Sphin-
32. gosylphosphorylcholine is a potent inducer of intercellular ad-

597. Motoha~shi K, Shibara S, Ozak-i Y, Yatomni Y, Ig-arashi Y. hesion molecuile-I expression in human keratinocytes. J Invest
Identification of lysophospholipid receptors in human platelets: Dermatol 1999;112:91-6.
the relation of two agonists lysophosphatidic acid and sphin- 76. Holtsberg FW, Steiner MR, Bruce-Keller AJ, et al. Lysophos-
gosine 1-phosphate. FEBS Lett 2000;468:189 -93. phatidic acid and apoptosis of nerve growth falctor-differentiated

58. Gueguen G, Gaige B, GrevyjM, et al. Structure-activity anal- PC12 cells. J Neurosci Res 1998;53:685-96.
ysis, of the effects of lysophosphatidic acid oil platelet aegrega- 77. Niwa M, Kozawa 0, Matsuno H, Kiammori Y, Hara, A, Ue-
tion. Biochemistry 1999;38:8440-50. matsu T. Tumor necrosis factor-alpha-inediated signal transduc-

59. Yatomni Y, Yanumura 5, Ruan F, Ig~ara~shi Y. Sphingosine tion in human neutrophils: involvement of sphingomnyelin
1-phosphate induces platelet activation through anl extracellular metabolites in the priming effect of TNF-alpha onl the llNLP-
action and shares a platelet surface receptor with lysophospha- stimulated superoxide production. Life Sci 2000;66:245-i6.
uidic acid. J Biol Chem 1997;272:5291-7. 78. Irie F, l-irabaya~shi Y. Cerasnide prevents motoneuronal cell

60. Gerrard JM, Robinlson P Narvey M, McNicol A. Increa~sed death through inhibition of oxidative signal. Neurosci Res
phosphatidic acid and decrea~sed lysophosphatidic acid in re- 1999;35:135-44.
sponse to thrombin is associated with inhibition of platelet 79. Alemnany R, Meyer zu Heringdorf D, van Koppen CJ, jakobs
aggregation. Biochemn Cell Biol 1993;71:432-9. KH. Formyl peptide receptor signaling in HL-60 cells through

61. Fernhout BJ, Dijcks FA, Moolenaar WH, Ruigt GS. Lysophos- sphingosine kinnase. J Biol Chem 1999;274:3994-9.
phatidic acid induces inward currents in Xenopus laevis; oocytes; 80. Mogasni K, Mizukami Y, Todoroki-Ikeda N, et al. Sphingo-
evidence for anl extracellular site of action. Eur J Pharmacol sylphosphorylcholine induces cytosolic Ca(2+) elevation in en-
1992;213:313-5. dothelial cells in situ and cau~ses endlothelium-dependent

62. GerrardjM, Beattie LL, McCraeJM, Silighroy S. The influence relaxation through nitric oxide production in bovine coronary
of lysophosphatidic acid on platelet protein phosphorylation. artery [published erratum appears in FE.BS Lett 2000 Jan 28;
Biochein Cell Biol 1987;6.9:642-50. 466(2-3):3951. FEBS Lett 1999;457:375-80.

63. Simon MF, Chap H, Douste-Blazy L. Platelet aggregating ac- 81. Xu Y, Shen Z, Wiper D, et al. Lysophosphatidic acid as a
tivity of lysophosphatidic acitds is not related to their calcium potential biomarker for ovarian and other gynecologic cancers.
ionophore properties. FEBS Lett 1984;166:113-9. JAMA 1998;280:719-23.

64. Maclntryre DE, Shaw AlM. Phospholipid-induced human plate- 82. Shens Z, Belinson j, Morton RE, Xu Y. Phorhol 12-mnyristate
let activation: effects of calcium channsel blockers and calcium 13-acetate stimulates lysophosphatidic acid secretion from ovar-
chelators. Thromh Res 1983;31:833-44. ian and cervical cancer cells but not from breast or leukemia

65. GerrardjM, Kindom SE, Peterson DA, White JG. Lysophos- cells. Gynecol Oncol 1998;71:364-8.
phatidic acid~s. I1. Interaction of the effects- of adenosine diphos- 83. Westennann AM, Havik E, Postmna FR, et al. Malignant effu-
phate and lysophosphatidic acids in dog rabbit and human sions contain lysophosphatidic acid (LPA)-like activity. Ann
platelets. Am j Pathol 1979;97:531-47. Oncol 1998;9:437-42.

66. Schumacher Kim, Classen HG, Spath M. Platelet aggregation 84. Inoue CN, Epstein M, Forster HG, Hotta 0, Kondo Y, linumna
evoked in vitro and in vivo by phosphatidic acid~s and lyso- K. Lysophosphatidic acid and mesangial cells: Implications for
derivatives: Identity with substances in aged serum (DAS). renal diseases. Chin Sci 1999;96:431-6.
Thromb Haemost 1979;42:631-40. 85. Siess W, ZmlgI KJ, Easser M, et al. Lysophosphatidic acid

67. Nugent D, Xu Y. Sphingosine-l -phosphate: characterization of mediates the rapid activation of platelets and endothelial cells by
its inhibition of platelet aggregation [In Process Citation]. Plate- mildly oxidized low density lipoprotein and accumulates in
lets 2000; 11:226 -32. human atherosclerotic lesions. Proc NatI Acad Sci U S A

68. Simon CG Jr. Gear AR.. Sphingolipid metabolism during hu- 1999;96:6931-6.
manl platelet activation. Thromb Res 1999;94:13-23. 86. Sayas CL, Moreno-Flores MT, Avila J, Wandosell F. The

69. Zangli~s A, Lianos EA, Demopoulos CA. The biological activity neurite retraction induced by lysophosphatidic acid increases
of acetylated sphingosylphosphorylcholine derivatives. Int Alzheimer's disease-like tau phosphorylation. J Biol Chemn
J Biochem Cell Biol 1996;28:63-74. 1999;274:37046---2.

70. Pu~stilnik TB, Estrella V, Wiener JR. et al. Lysophosphatidic 87. Xmm Y, Sheni Z, Wiper DW, et al. Lysophosphatidic acid as a
acid induces urokina~see secretion by ovarian cancer cells. Cliii potential biomnarker for ovarian and other gynecologic cancers.
Cancer Res 1999;5:3704-10. [see comments]. JAMA 1 999;280:71 9-23.

71. Piazza GA, Ritter JL, Baracka CA. Lysophosphatidic acid in- 88. Merrill AHJ r, Schmelz EM, Dillehay DL, et al. Sphinigolipid~s-
duction of transforming growth factors alpha and beta: Modul- the enigmnatic lipid class: biochemistry physiology and patho-
lation of proliferation and differentiation in cultured hum-an physiology. Toxicol AppI Pharmacol 1997;142:208-25.
keratinocytes and mouse skin. Exp Cell Res 1995,216:531-64. 89. Berger A, Rosenthal D, Spiegel S. Sphingosylphosphocholine a

72. Cunnick JM, Dorsey JF, Standley T, et al. Role of tyrosine signialing molecule which accumulates in Niemnann-Pick disease
kinase activity of epidermal growth factor receptor in the ly~so- type A stimulates IDNA-biniding activity of the transcription



10 J Soc Gynecol Investig Vol. 8, No. 1, JanlFeb. 2001 Xu et al

activator protein AP-1. Proc Nat] Acad Sci U S A 1995;92: 110. Bunemann M, Liliom K, Brandts BK, et al. A novel membrane
5885-9. receptor with high affinity for lysosphingomyelin and sphin-

90. Ohno K. Niemann-Pick disease types A and B. Nippon Rinsho gosine 1-phosphate in atrial myocytes. EMBOJ 1996;15:5527-
1995;53:3014-8. 34.

91. An S, Goetzl EJ, Lee H. Signaling mechanisms and molecular 1l1. Durieux ME, Salafranca MN, Lynch KR, Moorman JR. Lyso-
characteristics of G protein-coupled receptors for lysophospha- phosphatidic acid induces a pertussis toxin-sensitive Ca(2+)-
tidic acid and sphingosine 1-phosphate. J Cell Biochem 1998; activated Cl- current in Xenopus laevis oocytes. Ain J Physiol
30-31 (Suppl): 147-57. 1992;263:C896 -900.

92. Chun J. Lysophospholipid receptors: Implicationvs for neural 112. Durieux ME, Carlisle SJ, Salafranca MN, Lynch KR. Responses
signaling. Crit Rev Neurobiol 1999;13:151-68. to sphingosine-l-phosphate in X. laevis oocytes: Similarities

93. Chun J, Contos JJ, Munroe D. A growing fanily of receptor with lysophosphatidic acid signaling. Am J Physiol 1993;264:
genes for lysophosphaddic acid (LPA) and other lysophospho- C1360-4.
lipids (LPs). Cell Biochem Biophys 1999;30:213-42. 113. Moolenaar WH, van Corven EJ. Growth factor-like action of

94. Pyne S, Pyne NJ. Sphingosine 1-phosphate signalling in main- lysophosphatidic acid: Mitogenic signalling mediated by G pro-
malian cells. BiochemJ 2000;349:385-402. teins. Ciba Found Symp 1990;150:99-106.

95. Lynch KR, Im I. Life on the edg. Trends Pharmnacol Sci 114. Vasta V, Meacci E, Catarzi S, Donati C, Farnararo M, Bruni P.
1999;20:473-5. Sphingosine i-phosphate induces arachidonic acid mobilization

96. Moolenaar WH. Development of our current understanding of in A549 human lung adenocarcinoma cells. Biochim Biophys
bioactive lysophospholipids [In Process Citation]. Ann N Y Acta 2000;1483:154-60.
Acad Sci 2000;905:1-10. 115. Desai NN, Carlson RO, Mattie ME, et al. Signaling pathways

97. Yamnazaki Y, Kon J, Sato K, et al. Edg-6 as a putative sphin- for sphingosylphosphorylcholine-mediated mitogenesis in Swiss
gosine 1-phosphate receptor coupling to Ca(2+) signaling path- 3T3 fibroblasts. J Cell Biol 1993;121:1385-95.
way. Biochem Biophys Res Commun 2000;268:583-9. 116. An S, Goetzl EJ, Lee H. Signaling mechanism, and molecular

98. [in DS, Heise CE, Ancellin N, et al. Characterization of a novel characteristics of G protein-coupled receptors for lysophospha-
sphingosine I-phosphate receptor Edg-8. J Biol Chem 2000; tidic acid and sphingosine 1-phosphate. J Cell Biochem 1998;
275:14281-6. 31(Suppl):147-57.

99. Xu Y, Zhu K, Hong G, et al. Sphingosylphosphorylcholine is a 117. Sato K, Murata N, Kon J, et al. Downregulation of mnRNA
ligand for ovarian cancer G-protein-coupled receptor 1. Nat expression ofEdg-3 a putative sphingosine I-phosphate recep-
Cell Biol 2000;2:261-7. tor coupled to Ca2+ signaling during differentiation of HiL-60

100. Spiegel S, Olivera A, Carlson RO. The role of sphingosine in leukemia cells. Biochem Biophys Res Commun 1998;
cell growth regulation and transmembrale signaling. Adv Lipid 253:253-6.
Res 1993;25:105-29. 118. Gonda K, Okamnoto H, Takuwa N, et al. The novel sphingosinse

101. Spiegel S. Sphingosine and sphingosine I-phosphate in cellular 1-phosphate receptor AGR16 is coupled via pertussLs toxin-
proliferation: Relationship with protein kinase C and phospha- sensitive and -insensitive G-proteins to multiple signalling path-
tidic acid. J Lipid Mediators 1993;8:169-75. ways. BiochemJ 1999;337:67-75.

102. Spiegel S, Olivera A, Zhang H, Thompson EW, Su Y, Berger 119. Okajima F, Tomura H, Sho K, et al. Sphingosine I-phosphate
A. Sphingosine-1-phosphate: A novel second messenger in- stimulates hydrogen peroxide generation through activation of
volved in cell growth regulation and signal transduction affects phospholipase C-Ca2+ system in FRTL-5 thyroid cells: Possi-
growvth and invasiveness of human breast cancer cells. Breast ble involvement of guanosine triphosphate-binding proteins in
Cancer Res Treatment 1994;31:337-48. the lipid signaling. Endocriiology 1997;138:220-9.

103. Ghosh TK, Bian J, Gill DL. Intracellular calcium release medi- 120. Okajima F, Tomura H, Sho K, Nochi H, Tamnoto K, Kondo Y.
ated by sphingosine derivatives generated in cells. Science 1990; Involvement of pertussis toxin-sensitive GTP-binding proteins
248:1653-6. in sphingosine 1-phosphate-induced activation of phospholipase

104. Catalan RE, Miguel BG, Calcerrada MC, Ruiz S, Martinez C-Ca2+ system in HL60 leukemia cells. FEBS Lett 1996;379:
AM. Sphingolipidcs increase calcium concentration in isolated 260-4.
rat liver nuclei. Biochem Biophys Res Commnun 1997;238:347- 121. Gonda K, Okamoto H, Takuwa N, et al. The novel sphingosine
50. I-phosphate receptor AGR16 is coupled via pertussis toxin-

105. Calcerrada MC, Miguel BG, Catalan RE, Martinez AM. Sphin- sensitive and -insensitive G-proteins to multiple signalling path-
gosylphosphorylcholine increases calcium concentration in iso- ways. Biochemical J 1999;337:67-75.
lated brain nuclei. Neurosci Res 1999;33:229-32. 122. Okamoto H, Takuwa N, Gonda K, et al. EDGI is a functional

106. Van Koppen CJ, Meyer Zu, HeringdorfD, Zhang C, Laser KT, sphingosine-1-phosphate receptor that is linked via a Gi/o to
Jakobs KH. A distinct G(i) protein-coupled receptor for sphin- multiple signaling pathways including phospholipase C activa-
gosylphosphorylcholine in human leukemia HL-60 cells and don Ca2+ mobilization Ras-mitogen-activated protein kinase
human neutrophils. Mol Pharmacol 1996;49:956-61. activation and adenylate cyclase inhibition. J Biol Chem 1998:

107. Repp H, Koschinski A, Decker K, Dreyer F. Activation of a 273:27104-10.
Ca2+-dependent K+ current in mouse fibroblasts by lysophos- 123. Sando JJ; Chertihin 0I. Activation of protein kinase C by
phatidic acid requires a pertussis toxin-sensitive G protein and lysophosphatidic acid: Dependence on composition of phos-
Ras. Naunyn Schmiedebergs Arch Pharnacol 1998;358:509- pholipid vesicles. BiochemJ 1996;317:583-8.
17. 124. Buehrer BM, Bardes ES, Bell RM. Protein kinase C-dependent

108. Bunernann M, Liliom K, Brandts BK, et al. A novel membrane regulation of human erythroleukemia (H.EL) cell sphingosiue
receptor with high affinity for lysosphingomyelin and sphin- kinase activity. Biochim Biophys Acta 1996;1303:233-42.
gosine 1-phosphate in atrial myocytes. EMBOJ 1996;15:5527- 125. Orlati S, Hrelia S, Rugolo M. PertussLs toxin- and PMA-
34. insensitive calcium mobilization by sphingosine in CFPAC-I

109. Hinmnel H-M, Meyer Zu HeringdorfD, GrafE, et al. Evidence cells: evidence for a phosphatidic acid-dependent mechanism.
for edg-3 receptor-mediated activation of I(K.ACh) by sphin- Biochim Biophys Acta 1997;1358:93-102.
gosine-t-phosphate in human atrial cardiomyocytes [In Process 126. Seufferlein T, Rozengurt E. Sphingosylphosphorylcholine ac-
Citation]. Mol Phannacol 2000;58:449-54. tivation of mitogen-activated protein kinase in Swiss 3T3 cells



Bioactive Lysolipids in Ovarian Cancer J Soc Gynecol Investig Vol. 8, No. 1, Jan./Feb. 2001 11

requires protein kina~se C and a pertus~sis toxini-sensitive G coupled receptor agonists in fibroblasts. Proc Nail Acad Sci U S
protein. J Biol Chem 199.5;270:24334-42. A 1993;90:12i7-61.

127. Suzuki Y, Ozawa Y, Murakami K, Miyazaki H. Lysophospha- 144. Okamoto H, Takuwa N, Yatomi Y, Gonda K, Shigeinat~su H.
tidic acid inhibits epidermal-growth-tuictor-induced Stati sig- Takuwa Y. EDG3 is a functional receptor specific for sphin-
naling in human epidermoid cacinoma A431 cells. Biochem gosine I-phosphate and sphingosylphosphorylcholine with sig-
Biophys Res Commun 1997;240:856-61. naling characteristics distinct from EDGI and AGR 16.

128. Ohata H, Aizawa H, Momose K. Lysophosphatidic acid sensi- Biochem Biophys Res Commun 1999;260:203-8.
tizes mechanical stress-induced Ca2+ response via activation of 145. Luttrell LMI, Daaka Y, Della Rocca G), Lefkowitz RJ. G
phospholipase C and tyrosine kinase in cultured smooth muscle protein-coupled receptors mediate two functionally distinct
cells. Life Sci 1997;60:1287-95. pathways of tyrosine phosphorylation in rat la fibroblasts. Shc

129. Okajinia F, Kondo Y. Pertussis toxini inhibits phospholipase C phosphorylation and receptor endocytosis correlate with activa-
activation and Ca2+ mobilization by sphingosylphosphoryl- tion of Erk kinases. j Biol Chem 1997;272:31648-56.
choline and galactosylsphingosine in HL60 leukemria cells. [in- 146. jalink K, Eichholtz T, Postina FR, van Corven E, Moolenaar
plications of GTP-binding proteus-coupled receptors for WH. Lysophosphatidic acid induces neuronal shape changes via
lyso~sphingolipid~s. J Biol Chemn 1995;270:26332-40. a novel receptor-mediated signaling pathway: similarity to

130. Spangelo BL, Jarvis WD. Lysophosphatidylcholiiie stimulates thrombin action. Cell Growth Differ 1993;4:24'7-55.
interleukin-6 release from rat anterior pituitary cells in vitro. 147. Lee OH, Lee DJ, Kim YM, et al. Sphingosine I-phosphate
Endocrinology 1996;137:4419-26. stimulates tyrosine phosphorylation of focal adhesion kinase and

131. van der Bend RL, de Widtj, van Corven EJ, Moolenaar WH, chemoractic motility of endothelial cells via the G(i) protein-
van Blitterswijk Wj. The biologically active phospholipid lyso- linked phospholipase C pathway. Biochemn Biophys Res Coin-
phosphatidic acid induces phosphatidylcholine breakdown in mun 2000;268:47-53.
fibroblasts via activation of phospholipase D. Comparison with 148. Seufferlein T, Rozengurt E. Sphingosylphosphorylcholine rap-
the response to endothelin. Biochemj 1992;_185:235-40. idly induces tyrosine phosphorylation of p125FAK and paxillin

132. Oriati S, Porcelli AM, Hrelia S, Van Brocklyn JR. Spiegel S,reragmnoftectnyosltoadfclcnata-
Rugolo M. Sphingosine-1 -phosphate activates phospholipase D sembly. Requirement of p2 1 rho in the signaling pathway. j Biol
in human airway epithelial cells via a G protein-coupled recep- Chemn 1995;270:24343-5 1.
tor. Arch Biochem Biophys 2000;375:69-77. 149.ý Wang F, Nobes CD, Hall A, Spiegel S. Sphingosine 1-phos-

133. Banno Y, Fujita H, Ono Y, et al. Differential phospholipase D phate stimulates rho-mediated tyrosine phosphorylation of focal
activation by bradykinini and sphingosine I-phosphate in NIH ahso iaeadpxli nSis33fbolss ice
3T3 fibroblasts overexpressing gelsolin. J Bin! Chem 1999;274: j 9734418

13.M7ci3 ,Vst . oai ,FanrroM9Buip.Rcetr 1'50. Ramakers G JA, Moolenaar WH. Regulation of astrocyte inor-
mediated activation of phospholipase D by sphingosine 1-phos- p1999-y2 hA4nd5y:2op5ti2i-a6.2.pCel e
phate in skeletal muscle C2C12 cells. A role for protein kinase 19;4:5-2
C. FF.BS Lett 1999;457:184-8. 151. Buist A, Tertoolen LG, den Hertog J. Potentiation of G-

135. Meacci E, Donati C, Ceiscetti F, Romniti E, Farnararo M, Bruiti protein-coupled receptor-induced MA-P kinase activation by
P. Receptor-activated phospholipase D is present in caveolin- .xgtiu .GF receptors in SK-N-MC neuroepithelioma cells.
3-enriched light membranes of C2C12 myotubes. FEBS Lett Biochem Biophys Res Comnmun 1998;2.51:6-10.
2000;473:10-4. 152. Xu Y, Fang XJ, Casey G, Mills GB. Lysophospholipidis activate

136. Natarjan VJayaram. 1-N, Scribner WM, GarciaJG. Activation ovarian and breast cancer cells. Biocherni 1995;309:933-40.
of endothelial cell phospholipase D by sphingosine and sphini- 153. Conway AM, Pyne NJ, Pyne S. Sphiisgosine 1-phosphate ac-
gosine-l-phosphate. Am J Respir Cell Mol Biol 1994; tivation of MAP kinase-involvement of P1 3-kinase and pro-
11:221-9. tein kinase C. Biochein Soc Trans 1997;25:S.585.

137. Dygis, A. Sidorko M, Bobeszko M, Baranska J. Exogenous 1.4. Guo C, Zheng C, Martin-Padura 1, Bian ZC, GuanjL. Differ-
sphingosine 1-phosphate and sphinigosylphosphorylcholinie do entia, stimulation of proline-rich tyrosine kinase 2 and mitogen-
not stimulate phospholipase D in C6 glioma cells. Acta Biochirn activated protein kinase by sphingosine 1-phosphate. Eur
Polonica 1999;46:99-106. J Biochem 1998;257:403-8.

138. Takeda. H, Matozaki T, Takada T, et al. PI 3-kinase gamma and 15.5. Chin TY, Chueh SH. Sphinigosylphosphorylcholine stimulates
protein kinase C-zeta mediate RAS.-independent activation of mitogen-activated protein kinase via a Ca2+-dependent path-
MAP kinase by a Gi protein-coupled receptor. EM.BO J 1999; way. Amj Physiol 1998;275:C1255-63.
18:386-95. 1.56. Rumenapp U, Lumnmen G, Virchow S, Hanskej, Meyer ZU,

139. Roche S, Dnwnwardj, Raynal P, Courtneidge SA. A function Heringdorf D, Jakobs K.H. Sphingolipid receptor signaling and
for phosphatidylinositol 3-kinase beta (p85alpha-pll~beta) in function in human bladder carcinoma cells: Inhibition of LPA-
fibrobla~sts during mitogenesis: Requirement for insulirs- and but enhancement of throinbin-stiinulated cell mnotility. Nau-
lysophosphatidic acid-mnediated signal transduction. Mol Cell nyni-Schmiedebergs Arch Pharmacol 2000;361:1-11.
Biol 1998;18:7119-29. 15i7. Koval M, Pagano R.E. Lipid recycling betwveen the plasmna

140. Shahrestamtifar M, Fan X, Manning DR. Lysophosphatidic acid membrane and intracellular comnpartments: transport and me-
activates NF-kappaB in fibroblasts. A requirement for multiple tabolisin of fluorescent sphingomyelin analogues in cultured
insputs. J Biol Chem 1999;274:3828-33. fibroblasts.J Cell Biol 1989;108:2169-81.

141. Shatrov VA, Lehmnann V, ChoUaib S. Sphingosine-l -phosphate 158. Wolf DE, Wimsiski AP, Ting A-E, Bocian KM. Pagano RE.
mobilizes intracellular calcium and activates, transcription factor Detennination of the transbilayer distribution of fluorescenst
NF-kappa B in U937 cells. Biochemn Biophys, Res Conimun lipid analogues by noniradiative fluorescence resoinance energy
1997;234:121-4. transfer. Biochemistry 1992;31 :286.5-73.

142. Moolenaar WI-. Lysophosphatidic acid signalling. Curr Opin 159. Moolenaar WH. Development of our current understaWnding of
Cell Biol 199--;7:203-10. bioactive lysophospholipid~s. Anin N Y Acad Sci 2000;905:1-10.

143. vail Corven EJ, Hordijk PL, Medema RH. Bo~sjL. Moolenaar 160. Desai NN, Zhang H, Olivera A, Mattie ME, Spiegel S. Sph-imm..
WH-. Pertwssis toxini-sensitive activations of p21 ras by G protein- gosine- I-phosphate a metabolite of sphingosine increases, phos-



12 J Sac Gynecol Investig Vol. 8, No. 1, JanJFeb. 2001 Xu et al

phatidic acid levels by phospholipase D activation j Biol Chem tion of human pancreatic cancer cells by sphingosylphosphoryl-
1992;267:23122-8. choline and influence of culture conditions. Cell Mol Life Sci

161. van Corven EJ, van Rijswijk A, Jalink K, van der Bend RL, van 1997;53:435-41.
Blitterswijk WJ, Moolenaar WH. Mitogenic action oflysophos- 180. Furui T, LaPushin R, Mao M, et a]. Overexpression of edg-2/
phaddic acid and phosphatidic acid on fibroblasts. Dependence vzg-1 induces apoptosis and anoikis in ovarian cancer cells in a
on acyl-chain length and inhibition by suranin. Biochem J lysophosphatidic acid-independent manner. Clin Cancer Res
1992;281:163-9. 1999;5:4308-18.

162. Ikeda H, Yatomi Y, Yanase M, eta]. Effects oflysophosphatidic 181. Goetzl EJ, Kong Y, Mei B. Lysophosphatidic acid and sphin-
acid on proliferation of stellate cells and hepatocytes in culture. gosine 1-phosphate protection of T cells from apoptosis in
Biochem Biophys Res Commun 1998;248:436-40. association with suppression of Bax. J lmsniinol 1999;

163. Keller JN, Steiner MR., Holtsberg FW, Mattson MP, Steiner 162:2049-56.
SM. Lysophosphatidic acid-induced proliferation-related signals 182. Holsberg FW, Steiner MR, KellerJN, Mark RJ, Mattson MP,
in astrocytes. J Neurochem 1997;69:1073-84. Steiner SM. Lysophosphatidic acid induces necrosis and apop-

164. Levine JS, Koh JS, Triaca V, Lieberthal W. Lysophosphatidic tosis in hippocampal neurons. J Neurochem 1998;70:66-76.
acid: A novel growth and survival factor for renal proximal 183. Cuvillier 0, Pirianov G, Kleuser B, etal. Suppression of cer-
tubular cells. Ainj Physiol 1997;273:F575-85. amide-mediated programmed cell death by sphingosine-i-

165. Liliom K, Fischer DJ, Virag T, et al. Identification of a novel phosphate. Nature 1996;381:800-3.
growth factor-like lipid 1-0-cis-alk-l'-enyl-2-lyso-sn-glycero- 184. Cuvillier 0, Rosenthal DS, Smulson ME, Spiegel S. Sphin-
3-phosphate (alkenyl-GP) that is present in commercial sphin- gosine 1-phosphate inhibits activation of caspases that cleave
golipid preparations. J Biol Chem 1998;273:1346 [-8. poly(ADP-ribose) polymerase and lamnins during Fa.- and cer-

166. An S, Zheng Y, Bleu T. Sphingosine 1-phosphate-induced cell amide- mediated apoptosis hi Jurkat T lymphocytes. J Biol
proliferation survival and related signaling events mediated by G Chem 1998;273:2910-6.
protein-coupled receptors Edg3 and Edg5.J Biol Chem 2000; 185. Xu Y, Fang X, Casey G, Mills G. Lysophospholipids activate
275:288-96. ovarian and breast cancer cells. BiochemJ 1995;309:933-40.

167. Carpio LC, Stephan E, Kamer A, Dziak R. Sphingolipids 186. Xu Y, Gaudette D, Boynton J, et al. Characterization of an
stimulate cell growth via MAP kinase activation hi osteoblastic ovarian cancer activating factor in ascites from ovarian cancer
cells. Prostaglandins Leukotrienes Essential Fatty Acids 1999;61: patients. Clin Cancer Res 1995;1:1223-32.
267-73. 187. Mills G, May C, McGill M, Roifinan C, Mellors A. A putative

168. Spiegel S. Sphingosine and sphingosine 1-phosphate in cellular new growth factor in ascitic fluid from ovarian cancer patients:
proliferation: relationship with protein kinase C and phospha- Identification characterization and mechanism of action. Cancer
tidic acid. J Lipid Mediat 1993;8:169-75. Res 1988;48:1066-71.

169. Spiegel S, Cuvillier 0, Edsall LC, et al. Sphingosine-l-phos- 188. Mills GB, May C, Hill M, Campbell S, Shaw P, Marks A.
phate in cell growth and cell death. Ann N Y Acad Sci [998; Ascitic fluid from human ovarian cancer patients contains
845:11-8. growth factors necessary for intraperitoneal growth of human

170. Berger A, Cultaro CM, Segal S, Spiegel S. The potent lipid ovarian adenocarcinoma cells. J Clin Investig 1990;86:85 1-5.
mitogen sphingosylphosphocholine activates the DNA binding 189. Hong G, Baudhuin LM, Xu Y. Sphingosine-l-phosphate mod-
activity of upstream stimulating factor (USF) a basic helix-loop- ulates growth and adhesion of ovarian cancer cells. FEBS Lett
helix-zipper protein. Biochim Biophys Acta 1998;1390:225-36. 1999;460:513-8.

171. Chin TY, Chueh SH. Sphingosylphosphorylcholine stimulates 190. Xiao Y, Chen Y, Kennedy AW, Belinson J, Xu Y. Evaluation
mitogen-activated protein kinase via a Ca2+-dependent path- of plasma lysophospholipids for diagnostic significance using
way. AmJ Physiol 1998;275:C1255-63. electrospray ionization mass spectrometry (ESI-MS) analyses.

172. Desai NN, Spiegel S. Sphingosylphosphorylcholine is a remark- Ann N Y Acad Sci 2000;905:242-59.
ably potent mitogen for a variety of cell lines. Biochem Biophys 191. Falasca M, Corda D. Elevated levels and mitogenic activity of
Res Commun 199[;181:361-6. lysophosphatidylinositol in k-ras-transfonned epithelial cells.

173. Sekiguchi K, Yokoyama T, Kurabayashi M, Okajima F, Nagai EurJ Biochem 1994;221:383-9.
R. Sphingosylphosphorylcholine induces a hypertrophic 192. Meyer T, Hart IR. Mechanismris of tumour metastasisý. Eur J
growth response through the mitogen-activated protein kinase Cancer 1998;34:214-21.
signaling cascade in rat neonatal cardiac mnyocytes. Circ Res 193. Joseph-Silverstein J, Silverstein RL. Cell adhesion molecules:
1999;85:1000-8. An overview. Cancer Investig 1998;16:176-82.

174. Tokura Y, Wakita H, Seo N, Furukawa F, Nishimura K, 194. Fishman D, Yung Y, Stack S. Lysophosphatidic acid stilnu-
Takigawa M. Modulation of T-lymphocyte proliferation by lation of matrix metalloproteinase-2 activation. In: Proceed-
exogenous natural ceramnides and sphingosylphosphorylcholine. ings of the American Association of Cancer Research, 2000:

J Investig Dermatol Symp Proc 1999;4:184-9. 131.
175. Imagawa W, Bandyopadhyay GK, Nandi S. Analysis of the 195. hiarnura F, Horai T, Mukai M, Shinkai K, Sawada M, Akedo

proliferative response to lysophosphatidic acid in primary cul- H. Induction of in vitro tumor cell invasion of cellular mnoio-
tures of mammary epithelium: Differences between normal and layers by lysophosphatidic acid or phospholipase D. Biochem
tumor cells. Exp Cell Res 1995;216:178-86. Biophys Res Commun 1993;193:497-503.

176. Hong G, Baudhuin LM, Xu Y. Sphingosine-1-phosphate mod- 196. Stain JC, Michiels F, van der Kasmnen RA, Moolenaar WH,
ulates growth and adhesion of ovarian cancer cells. FEBS Lett Collard JG. Invasion of T-lymphoma cells: Cooperation be-
1999;460:513-8. tween Rho family GTPases and lysophospholipid receptor sig-

177. Goetzl EJ, Dolezalova H, Kong Y, Zeng L. Dual mechanis.mLs naling. EMBOJ 1998;17:4066-74.
for lysophospholipid induction of proliferation of human breast 197. Merogi Aj, Marrogi AJ, Ramesh R, Robinson WR, Fennmin
carcinoma cells. Cancer Res 1999;59:4732-7. CD, Freeman SM. Tumor-host interaction: analysi~s of cvto-

178. Xu Y, Zhu K, Hong G, et al. Sphingosylphosphorylcholine is a kines growth factors and tumor-infiltrating lymphocytes in
ligand for ovarian cancer G-protein-coupled receptor 1. Nat ovarian carcinomas. Hum Pathol 1997;28:321-31.
Cell Biol 2000;2:261-7. 198. Yoneda J, Kuniyasu H, Crispens MA, Price JE, Bucana CD,

179. Yamada T, Okajima F, Ohwada S, Kondo Y. Growth inhibi- Fidler lj. Expression of angiogenesis-related genes and progres-



Bioactive Lysolipids in Ovarian Cancer J Soc Gynecol Investig Vol. 8, No. 1, Jan./Feb. 2001 13

sion of human ovarian carcinomas in nude mice. J Nad Cancer 218. Yamazaki Y, Kon J, Sato K, et a]. Edg-6 as a putative sphin-
Inst 1998;90:447-54. gosine 1-phosphate receptor coupling to Ca(2+) signaling path-

199. RadkeJ, Schmidt D, Bohme M, Schmidt U, Weise W, Morenz way. Biochem Biophys Res Commun 2000;269:583-9.
J. Zytokinspiegel im malignen Aszites und peripheren Blut von 219. Bogoyevitch MA, Clerk A, Sugden PH. Activation of the
Patientinnen mit fortgeschrittenem Ovarialkarzinom. Geburt- initogen-activated protein kinase cascade by pertussis toxini-
shilfe Frauenheilkd 1996;56:83-7. sensitive and -insensitive pathways in cultured ventricular car-

200. Gawrychowski K, Skopinska-Rozewska E, Barcz E, et a]. An- diomyocytes. BiochemJ 1995;309:437-43.
giogenic activity and interleukin-8 content of human ovarian 220. Casillas AM, Amnaral K, Chegini-Farahani S, Nel A.E. Okadaic
cancer ascites. EurJ Gynaecol Oncol 1998;19:262-4. acid activates p42 mitogen-activated protein kinase (MAP ki-

201. lvarsson K, Runesson E, Sundfeldt K, et al. The chemotactic nase;ERK-2) in B-lymphocytes but inhibits rather than aug-
cytokine interleukin-8-a cyst fluid marker for malignant epi- ments cellular proliferation: Contrast with phorbol 12-myristate
thelial ovarian cancer? Gynecol Oncol 1998;71:420-3. 13-acetate. BiochemJ 1993;290:545-50.

202. Xu L, Xie K, Mukaida N, Matsushima K, Fidler UJ. Hypoxia- 221. Zhu L, Yu X, Akatsuka Y, Cooper JA, Anasetti C. Role o"
induced elevation in interleukin-8 expression by human ovarian mitogen-activated protein kinases in activation-induced apop-
carcinoma cells. Cancer Res 1999;59:5822-9. tosis of T cells. Immunology 1999;97:26-35.

203. Harant H, Lindley I, Uthman A, et al. Regulation of interleu- 222. DiSaia P, Creasman W. Clinical gynecologic oncology. 5th ed.
kin-8 gene expression by all-trans retinoic acid. Biochem Bio- St. Louis, Missouri: Mosby-Year Book Inc, 1993.
phys Rese Commun 1995;210:898-906. 223. Xu Y, Xiao Y, Baudhuin L. Ascitic fluids from ovarian cancer

204. Lee LF, Schuerer-Maly CC, Lofquist AK, et al. Taxol-depen- patients contain significandy higher levels oflysophospholipids
dent transcriptional activation of IL-8 expression in a subset of compared with ascites from patients with non-malignant dis-
human ovarian cancer. Cancer Res 1996;56:1303-8. eases. In: Proceedings of the American Association of Cancer

205. Schwartz B, Morrison B, Wu W, Xu Y. Regulation of inter- Ressearch, 2000:860.
leukin-8 production and gene expression in human ovarian 224. Watson SP, McConnell RT, Lapetina EG. Decanoyl lysophos-
cancer cells by lysophospholipids. In: Proceedings of the Aamer- phatidic acid induces platelet aggregation through an extracel-
ican Association of Cancer Research, 2000:585. lular action. Evidence against a second messenger role for

206. Markman M. Systemic therapy for gynecologic cancer. Curr lysophosphatidic acid. BiochemJ 1985;232:61-6.
Opin Oncol 1992;4:939-45. 225. Tigyi G, Henschen A, Miledi R. A factor that activates oscii-

207. Markman M. Intraperitoneal therapy of ovarian cancer. Oncol- latory chloride currents in Xenopus oocytes copurifies with a
ogist 1996;1:18-21. subfraction ofsenrm albumin. J Biol Chem 199 1;266:20602-9.

208. Markman M. Intraperitoneal therapy of ovarian cancer. Semin 226. Tigyi G, Miledi R. Lysophosphatidates bound to *erum albu-
Oncol 1998;29:356-60. rmin activate membrane currents in Xenopus oocytes and neu-

209. Ozols R, Bookman M. Carboplatin and paclitexal combination rite retraction in PC12 pheochromocytoma cells. J Biol Chein
chemotherapy. In: Sharp F, Blackett T, Leake R, Berek J, eds. 1992;267:21360-7.
Ovarian cancer 4. Vol. 4. London: Chapman and Hall Medical, 227. Roberts R, Sciorra VA, Morris AJ. Human type 2 phosphatidic
1996:165-73. acid phosphohydrolases. Substrate specificity of the type 2a 2b

210. Hamilton T, Johnson S, Godwin A, et al. Drug resistance in and 2c enzymes and cell surface activity of the 2a isoform.J Biol
ovarian cancer and potential for its reversal. In: Ovarian cancer Chem 1998;273:22059-67.
3. Vol. 3. London: Chapman and Hall Medical, 1995:203-13. 228. Hooks SB, Ragan SP, Lynch KRP.. Identification of a novel

211. Duan Z, Feller AJ, Penson RT, Chabner BA, Seiden MV. humnan phosphatidic acid phosphatase type 2 isoform. FEBS Lett
Discovery of differentially expressed genes associated with pac- 1998;427:188-92.
litaxel resistance utsing cDNA array technology: Analysis of 229. Ulrix W, SwinnenJV, Heyns W, Verhoeven G. Identification
iuterleukin (IL) 6, IL-8 and monocyte chemotactic protein 1 in of the phosphatidic acid phosphata.se type 2a isozyme as an
the paclitaxel-resistant phenotype. Clin Cancer Res 1999;5: androgen-regulated gene in the human prostatic adenocarci-
3445-53. noma cell line LNCaP. J Biol Chem 1998;273:4660-5.

212. Hecht JH, Weiner JA, Post SR, Chun J. Ventricular zone 230. Kai M, Wada I, Imai S, Sakane F, Kanoh H. Cloning and
gene-I (vzg-1) encodes a lysophosphatidic acid receptor ex- characterization of two human isozymes of Mg2+-independent
pressed in neurogenic regions of the developing cerebral cortex. phosphatidic acid phosphatase.J Biol Chem 1997;272:24572-8.
J Cell Biol 1996;135:1071-83. 231. Fourcade 0, Simon MF, Viode C, et a]. Secretory phospho-

213. Lee MJ, Thangada S, Liu H, Thompson BD, Hila T. Lysophos- lipase A2 generates the novel lipid mediator lysophosphatidic
phatidic acid stimulates the G-protein-coupled receptor EDG- I acid in membrane microvesicles shed from activated cells. Cell
as a low affinity agonist. J Biol Chem 1998;273:22105-12. 1995;80:919-27.

214. Bandoh K, Aoki J, Hosono H, et al. Molecular cloning and 232. Cho W, Han SK, Lee BI, Snitko Y, Dua R. Purification and
characterization of a novel human G-protein-coupled receptor assay of mammalian group I and group Ila secretory phospho-
EDG7 for lysophosphatidic acid.J Biol Chem 1999;274:27776- lipase A2. Methods Mol Biol 1999;109:31-8.
85. 233. Snitko Y, Koduri RS, Han SK, et al. Mapping the interficial

215. Goetz] EJ, An S. Diversity of cellular receptors and functions for binding surface of human secretory group Ila phospholipase A2.
the lysophospholipid growth fictors lysophosphatidic acid and Biochemistry 1997;36:14325-33.
sphingosine 1-phosphate FASEB J 1998;12:1589-98. 234. Kim Y, Lichtenbergova L, Snitko Y, Cho W. A phospholipase

216. Lynch KR, [in I. Life on the edg. Trends Phanrmacol Sci A2 kinetic and binding assay using phospholipid-coated hydro-
1999;20:473-5. phobic beads. Anal Biochem 1997;250:109-16.

217. Goetzl EJ, Dolezalova H, Kong Y, et al. Distinctive expression 235. van Dijk MC, Postma F, Hilknann H,Jalink K, van Blitters.wijk
and functions of the type 4 endothelial differentiation gene- WJ, Moolenaar WH. Exogenous phospholipase D generates
encoded G protein-coupled receptor for lysophosphatidic acid lysophosphatidic acid and activates Ras Rho and Ca2+ signal-
hu ovarian cancer. Cancer Res 1999;59:5370-5. ing pathways. Curr Biol 1998;8:386-92.



Science

Lysophosphatidylcholine as a
Ligand for the Immunoregulatory

Receptor G2A
Janusz H. S. Kabarowski,l* Kui Zhu, 2* Lu 0. Le,'

Owen N. Witte,",3t and Yan Xu 2,4t

27 July 2001, Volume 293, pp. 702-705

Copyright © 2001 by the American Association for the Advancement of Science



Lys phosphatidyt h i as ation in mice further indicates a role for
G2A in the homeostatic regulation of lym-
phocyte pools and autoimmunity (16).

gand for the Immunoregutatory To determine if G2A is a lysophospho-
lipid receptor, we assessed signaling re-

Receptor G2A sponses in cells ectopically expressing
G2A (17). Human breast epithelial

Janusz H. S. Kabarowski,1* Kui ZhuZ* Lu Q. Le,1  MCF10A cells were used because they do

Owen N. Witte," 3 t Yan Xu 2'4.t not express G2A or OGRI, and do not
respond to SPC (12). Intracellular calcium

Although the biological actions of the cell membrane and serum Lipid lyso- concentration ([Ca 2
1]i) was determined in

phosphatidyicholine (LPC) in atheroscLerosis and systemic autoimmune disease MCF10A cells that were transfected with
are welL recognized, LPC has not been linked to a specific cell-surface receptor. plasmids encoding green fluorescent pro-
We show that LPC is a high-affinity ligand for G2A, a lymphocyte-expressed G tein-tagged G2A (G2A.GFP) (18) or GFP
protein-coupled receptor whose genetic ablation results in the development of (19). LPC and SPC (0.1 [LM) treatment
autoimmunity. Activation of G2A by LPC increased intraceltular calcium con- induced transient [Ca2 +]i increases in
centration, induced receptor internalization, activated ERK mitogen-activated G2A.GFP expressing cells only. Responses
protein kinase, and modified migratory responses of Jurkat T lymphocytes. This to lysophosphatidic acid (LPA) (1 I.M),
finding implicates a role for LPC-G2A interaction in the etiology of inflamma- PAF (0.1 p.M), and adenosine triphosphate
tory autoimmune disease and atherosclerosis. (ATP) (20 ViM) were not affected by G2A

expression (Fig. 1A). Dose-dependent in-
Lysophospholipids regulate a variety of bi- (oxLDL), LPC plays an etiological role in creases in [Ca 2+]i were observed in
ological processes including cell prolifera- atherosclerosis (7) and is implicated in the G2A.GFP-expressing cells [LPC, median
tion, tumor cell invasiveness, and inflam- pathogenesis of the autoimmune disease effective concentration (EC,,) -0.1 JtM;
mation (1, 2). LPC, produced by the action systemic lupus erythematosus (SLE) (8). SPC, ECs0 -0.4 p.M] (Fig. 1B). Pretreat-
of Phospholipase A2 (PLA2 ) on phosphati- Despite physiologically high concentra- ment of G2A.GFP-expressing cells with the
dylcholine, promotes inflammatory effects, tions in body fluids (up to 100 RiM) (9), PAF receptor antagonist BN 52021 (200
including increased expression of endothe- extracellular actions of LPC through G pro- i.M) blocked [Ca 2 ]i elevation induced by
lial cell adhesion molecules and growth tein-coupled receptors (GPCRs) are indi- PAF, but not that induced by LPC (1 I.M),
factors (3, 4), monocyte chemotaxis (5), cated (10, 11). Although LPC action SPC (1 I.tM), LPA (1 RM), or ATP (20 pM)
and macrophage activation (6). As a corn- through a platelet activating factor (PAF) (Fig. IC), indicating that LPC and SPC did
ponent of oxidized low density lipoprotein receptor(s) has been suggested (10, 11), a not act through a PAF receptor. The pre-

specific LPC receptor has yet to be identi- treatment of G2A.GFP-expressing cells
fled. OGRI is a high-affinity receptor for with LPC (1 IiM) or SPC (10 RM) induced

1Department of Microbiology, Immunology, and Mo- sphingosylphosphorylcholine (SPC), a ly- desensitization to subsequent stimulation
lecular Genetics; 'Department of Cancer Biology, Le-
rner Research Institute, 9500 Euclid Avenue, Cleve- sophospholipid structurally similar to LPC with either agonist (1 ItM) (Fig. ID).
land, OH 44195, USA. 3Howard Hughes Medical In- (12). OGRI is closely related to G2A (13), When G2A.GFP-expressing cells were
stitute, University of California Los Angeles, Los An- TDAG8 (14), and GPR4 (15). G2A is a pretreated with pertussis toxin (PTX, 100
geles, CA 90095-1662, USA. 4 Department of transcriptionally regulated GPCR ex- ng/ml), an inhibitor of Goi, transient
Gynecology and Obstetrics, Cleveland Clinic Founda- pressed predominantly in lymphocytes, and [Ca 2

1]i increases induced by LPA (1 piM),its expression in response to stress stimuli LPC (0.1 to 5 1iM), and SPC (I to 5 RM)*These authors contributed equa~ly to this work.*These wuthom s cortrespondenceqoualld be a ore . E and prolonged mitogenic signals suggests were inhibited (Fig. IE). Calcium tran-1To whom correspondence should be addressedl. E-
mail: owenw@microbio.ucla.edu (O.N.W.); xuy@ that it may negatively regulate lymphocyte sients elicited by PAF (0.1 pRM) or ATP (20
ccf.org (Y.X.) growth (13). Genetic ablation of G2A func- t.M) were not affected. Pretreatment of
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G2A.GFP-expressing cells with phorbol petition analyses revealed that only SPC and ment of a Ga, family G protein (Fig. 3B).
12-myristate 13-acetate (PMA), an activa- various LPC species, but not 14:0 LPC, LPA, LPC is thought to have chemoattractant
tor of protein kinase C (PKC), abolished sphingosine-l-phosphate (SIP), lysophos- properties toward T lymphocytes (25). Cel-
transient [Ca 2 +]i increases induced by phatidylinositol (LPI), sphingomyelin (SM), lular transmigration of Jurkat T cells ex-
LPA, LPC, and SPC (up to 10 [tM), but did PAF, or lyso-PAF, competed for binding pressing GFP or G2A.GFP (both popula-
not affect those induced by PAF (0.1 p.M) (Fig. 2, E and F). tions were 20% GFP-positive) through a
and ATP (20 p.M) (Fig. IF). This suggests GPCRs are internalized in response to polycarbonate membrane tissue-culture
that PKC affects LPC and SPC signaling ligand stimulation. In serum-starved HEK chamber toward the ligand was assessed
pathways by inducing G2A desensitization 293 G2A.GFP cells, G2A.GFP is expressed over a 1-hour period (26). Although LPC
and/or inhibition of Gal. Several putative predominantly at the plasma membrane. LPC suppressed transmigration of the GFP-pos-
consensus PKC phosphorylation sites are (0.1 [.M ), as well as SPC (I p.M), induced itive fraction of Jurkat GFP populations,
present in G2A (13). internalization of G2A.GFP in more than LPC (10 p.M) stimulated transmigration of

To determine binding affinities of LPC 90% of cells (21, 22). Neither PAF, LPA, nor Jurkat G2A.GFP cells by four times that of
and SPC toward G2A, we performed radioli- SIP induced receptor internalization. Jurkat cells expressing GFP only (Fig. 4).
gand binding assays (12, 20). [3H]LPC and ERK mitogen-activated protein (MAP) SPC did not stimulate transmigration of
[3H]SPC bound to homogenates of human kinase activity is stimulated by SPC after Jurkat G2A.GFP cells (27), and the possi-
embryonic kidney (HEK) 293 cells express- transfection of otherwise unresponsive cell ble physiological functions of an SPC-G2A
ing G2A.GFP (HEK 293 G2A.GFP) in a lines with OGR1 (12). Similarly, LPC does interaction have yet to be determined.
time-dependent manner and reached equilib- not stimulate ERK MAP kinase activation Different LPC species may have differ-
rium after 60 min of incubation at 4'C (Fig. in a number of cell lines (23) (Fig. 3). G2A ent affinities for G2A (Fig. 2, E and F);
2, A and B). Binding of [3H]LPC and expression conferred responsiveness to 14:0 LPC is not able to compete [3H]-16:0
[3H]SPC to HEK 293 G2A.GFP homoge- these lysophospholipids in terms of ERK LPC binding, whereas 16:0 LPC, 18:0
nates were saturable, and Scatchard analysis MAP kinase activation in Chinese hamster LPC, and 18: 1 LPC are potent competitors.
indicated a dissociation constant (K,) of 65 ovary (CHO) cells (24). A dose-dependent Consistently, 14:0 LPC is unable to stimu-
nM for LPC and 230 nM for SPC (Fig. 2, C increase in ERK MAP kinase activity was late [Ca+]i increases in G2A expressing
and D). The maximum binding capacities for observed in response to LPC and SPC MCF10A cells (27). G2A also binds SPC
LPC and SPC were about 1500 fmol/10 5 cells (Fig. 3A), and activation was inhibited by with low affinity. The physiological signif-
and 1840 fmol/10 5 cells, respectively. Coin- PTX pretreatment, indicating the involve- icance of this promiscuity remains to be
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fected MCF1A cells. 20 -=oF 200 --Imin
(A) (Upper panel) 100k - min, ~ 0 1mCalcium responses of 50so - j 100 -oo I
pEXV3 GFP (vector)- -__LP, ,,- L PA P" t
transfected MCF1OA 50 t5010 LLA PLptpPATP300 -L• 2 PA•A• !•GA-transfected MCF10A10-AT 10 G-trnsece MCF10•TA
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sponses of G2A-trans- 10 4 PA r
fected MCF1OA cells to LPC L PAF ATP so o 50o.
16:0 LPC (1 pLM), LPA (1 10 ATP 10
t.M), PAF (0.1 IiM) and 300 - G2Atransfected MCFOA1
ATP (20 ItM). (Lower , 200o- • - min
panel) Calcium re- . D F
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(Lower panel) The effect of BN52021 on [Ca 2+]i increases induced by PAF (0.1 increases induced by 16:0 LPC (1 p.M) (upper panel), SPC (1 tiM) (lower panel),
.IM), SPC (1 p.M), LPA (1 .IM), and ATP (20 IjM). (D) Pretreatment of G2A- and LPA (1 .IM) (both panels). (F) PMA pretreatment (100 nM, 5 min) inhibits

transfected MCF1OA cells with 16:0 LPC (1 p.M) (upper panel) or SPC (10 piM) G2A-dependent [Ca 2"], increases induced by 16:0 LPC (1 jiM) (upper panel),
(lower panel) induces desensitization to subsequent stimulation with 16:0 LPC SPC (1 RiM) (lower panel), and LPA (I ItM) (both panels). Data are representative
or SPC (1 itM). (E) PTX (100 ng/ml. 16 hours) inhibits G2A-dependent [Ca 2+]i of three independent experiments.
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Fig. 2. LPC and SPC bind to G2A. (A and B) Time dependence of [3H]LPC binding was measured. (Insets) Scatchard analyses of ['H]-16:0 LPC and
and [5H]SPC binding. Cell homogenates from HEK 293 GFP or HEK 293 [3H]SPC binding. (E and F) Structural specificity of [-'H]-16:0 LPC and
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presented. (C and D) Saturation isotherms of [3 HjLPC and [3 H]SPC of unlabeled lipids (100 nM). Total binding is presented. Data are
binding to HEK293 G2A.GFP cells. Cell homogenates were incubated with means ± SID representing three independent experiments. *P0 < 0.05;
the indicated concentrations of [31]-1116:0 LPC or [3H]SPC and specific **p < 0.01; ***p < 0.001, compared to control (Student's t test).
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Fig. 4. LPC stimulates migration U) 7000 min at 37°C. Western blotting was performed to
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numbers of transmigrated popu- 2000 tion assays, Jurkat GFP and Jurkat G2A.GFP cells were
[ations were measured by flow 2 derived by retroviral infection and assayed 48 hourscytometry. Results are presented b later. GFP-positive fractions of Jurkat GFP and Jurkat
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Running title: GPR4 as a receptor for SPC and LPC
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SUMMARY

Sphingosylphosphorylcholine (SPC') and lysophosphatidylcholine (LPC) are bioactive lipid molecules

involved in numerous biological processes. We have recently identified ovarian cancer G protein

coupled receptor 1 (OGR1) as a specific and high affinity receptor for SPC, and G2A as a receptor

with high-affinity for LPC, but low affuity for SPC. Among G protein coupled receptors (GPCRs),

GPR4 shares highest sequence homology with OGRI (5 1%). In this work, we have identified GPR4 as

not only another high affinity receptor for SPC, but also a receptor for LPC, albeit of lower affinity.

Both SPC and LPC induce increases in intracellular calcium concentration in GPR4-, but not vector-

transfected, MCF10A cells. These effects are insensitive to treatment with BN52021, WEB-2170 and

WEB-2086 [specific platelet activating factor (PAF) receptor antagonists], suggesting that they are not

mediated through an endogenous PAF receptor. SPC and LPC bind to GPR4 in GPR4-transfected

CHO cells with Kd/SPC=36 nM, and Kd/LPC=159 nM, respectively. Competitive binding is elicited

only by SPC and LPC. Both SPC and LPC activate GPR4-dependent activation of serum response

element (SRE) reporter and receptor internalization. Swiss 3T3 cells expressing GPR4 respond to both

SPC and LPC, but not sphingosine-1-phosphate (S1P), PAF, psychosine (Psy), glucosyl-3 1'1-

The abbreviations used are: ERK: extracellular signal-regulated kinase; CHO, Chinese hamster ovary;

Glu-Sph, Glucosyl-[31 'l-sphingosine; Gal-Cer, galactosyl-[31'1-ceramide; Lac-Cer: lactosyl-I 1'l-

ceramide; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; GPCR, G protein coupled

receptor; OGRI, ovarian cancer G protein coupled receptor 1; ox-LDL: oxidized low-density

lipoprotein; PAF, platelet activating factor; Psy, psychosine; SIP, sphingosine- 1-phosphate; SM,

sphingomyelin; SRE, serum response element; SPC, sphingosylphosphorylcholine; SLE, systemic lupus

erythematosus; TDAG8, T cell death-associated gene 8.
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sphingosine (Glu-Sph), galactosyl--3 1' 1-ceramide (Gal-Cer), or lactosyl-[3 1'1-ceramide (Lac-Cer) to

activate extracellular signal-regulated kinase (ERK) MAP kinase in a concentration- and time-

dependent manner. SPC and LPC stimulate DNA synthesis in GPR4-expressing Swiss 3T3 cells.

Both ERK activation and DNA synthesis stimulated by SPC and LPC are pertussis toxin (PTX)-

sensitive, suggesting the involvement of a Gi-heterotrimeric G protein. In addition, GPR4 expression

confers chemotactic responses to both SPC and LPC in Swiss 3T3 cells. Taken together, our data

indicate that GPR4 is a receptor with high affinity to SPC and low affinity to LPC, and that multiple

cellular functions can be transduced via this receptor.

INTRODUCTION

SPC is a bioactive lipid molecule involved in numerous biological processes, where it acts as a

signaling molecule (1). We have recently identified a GPCR, OGR1, as the first specific high affinity

receptor for SPC (2). OGR1 shares homology with several other GPCRs, including GPR4, G2A, T cell

death associated GPCR8 (TDAGS), and the PAF receptor (3-10). We have postulated that these

receptors belong to a subfamily and their ligands may be lysolipids containing the phosphorylcholine moiety

shared by SPC and PAF (2). Other than SPC and PAF, there are two naturally occurring

phosphorylcholine-containing lysolipids: LPC and lyso-PAF. LPC is an important lipid mediator involved

in many cellular processes. In particular, LPC is believed to play an important role in atherosclerosis and

inflammatory diseases by altering various functions of a variety of cell types, including endothelial cells,

smooth muscle cells, monocytes, macrophages and T cells (11-13). However, the reported signaling

mechanisms of LPC are variable and the initial interaction of LPC with cell membranes is poorly

understood. We have recently identified G2A as the first receptor for LPC (14). G2A is also a low-affinity

receptor for SPC.
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In the present study, we sought to identify the ligand(s) for GPR4. We tested SPC, LPC, PAF,

lyso-PAF and psychosine [Psy; a recently identified glycosphingolipid ligand of TDAG8 (15)] as potential

ligands for GPR4. GPR4 exhibits the highest homology with OGRI (51% identity and 64% similarity in

amino acid sequence) (2). Similarly to OGR1, GPR4 responded to SPC, but also responded to LPC,

mediating an increase in intracellular calcium concentration, SRE activation, receptor internalization, ERK

activation, and stimulation of cell migration. LPC bound to CPR4, albeit with lower affinity compared to

SPC, and competed with SPC for specific binding to GPR4. GPR4 did not bind or respond to PAF, lyso-

PAF, Psy, Glu-Sph, Gal-Cer, or Lac-Cer. Our results indicate that SPC is a high-affinity and LPC is a

lower-affinity ligand for GPR4, and its activation by SPC and LPC mediates biological functions.

EXPERIMENTAL PROCEDURES

Materials-LPCs (14:0, 16:0, 18:0, and 18:1), lysophosphatidylinositol (LPI; from liver, 80% 18:0),

18:1-LPA, 16:0-PAF, 16:0-lysoPAF, psychosine, glucosyl-31'l-sphingosine, galactosyl-1'1-C8-

ceramide, and lactosyl-1'l-C8-ceramide were from Avanti Polar Lipids, Inc. (Alabaster, AL).

Sphingomyelin (SM; bovine brain, mainly 18:0), C6-ceramide, sphingosine-1-phosphate (SIP) and SPC

were from Toronto Research Chemicals (Toronto, ON) or Matreya, Inc. (Pleasant Gap, PA). D-erythro-

and L-threo-SPC were from Matreya, Inc. (Pleasant Gap, PA). pcDNA1-C3 (encoding the C3-

exoenzyme), was a kind gift from Dr. A. Wolfmnan, Cleveland Clinic Foundation. The PAF receptor

antagonist, BN52021, was from Biomol (Plymouth Meeting, PA). WEB-2170 and WEB-2086 were from

Boehringer Ingelheim (Ridgefield, CT). [3H]SPC or [3H]18:0-LPC were custom synthesized by Amersham

Pharmacia Biotech, Buckinghamshire, England (68 Ci/mmol, 1 mCi/ml for [3 -]SPC and 102 Ci/mmol, 1

mCi/ml for 3H1]18:0-LPC). [3H]l6:0-LPC (60 Ci/mmol) was purchased from American Radiolabeled

Chemicals, Inc. (St Louis, MO).
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Cell culture-MCF10A cells (passage 34) were purchased from the Barbara Ann Karmanos

Cancer Institute (Detroit, MI) and cultured as recommended by the provider. Experiments were performed

using MCF10A cells from passage 40-46. Other cells were obtained from ATCC and were cultured either

in RPMI1640 with 10% FBS or DMEM with 5% FBS (CHO and Swiss 3T3 cells).

Human RNA Master Blot Probed with GPR4-Human RNA Master Blot (Clontech, Palo Alto,

CA) was probed with radiolabeled full-length GPR4. Briefly, the frill-length GPR4 was gel purified and 25

ng was used for the synthesis of a StripAble DNA aX- 32p-labeled probe (Ambion, Austin, TX), as per the

manufacturer's instructions. The radiolabeled probe (20 ng, 20 X 106 CPM) was hybridized to the Master

Blot in ExpressHyb hybridization solution (Clontech) overnight with continuous agitation at 650C. The

following day, the Master Blot was washed following the manufacturer's instructions and exposed to a

Phospho Screen (Molecular Dynamics, Sunnyvale, CA).

Real-time Quantitative PCR of GPR4-Total RNA was extracted from cells using the SV Total

RNA Isolation System (Promega, Madison, WI). One to five micrograms of total RNA were reverse

transcribed using Superscript II RT (Gibco BRL, Rockville, MD). Eight nanograms of derived cDNA were

used as a template for real-time quantitative SYBR Green I PCR Primers for human GPR4 (Genbank

accession number U21051) were 5'-TAATGCTAGCGGCAACCACACGTGGGAG and 5'-

TCCAGTTGTCGTGGTGCAG, yielding a 230 bp product. Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was amplified in a separate tube as a housekeeping gene with primers 5'-

GAAGGTGAAGGTCGGAGT and 5'-GAAGATGGTGATGGGATITTC, yielding a 226 bp product.

Primers for mouse GPR4 were 5'-CTACCTGGCTGTGGCTCAT and 5'-

CAAAGACGCGGTATAGATTCA, yielding a 222 bp product. Mouse GAPDH was amplified with

primers 5'-TGATGGGTGTGAACCAAGACA and 5'-CCAGTGGATCAGGGATGAT. All SYBR

Green I core reagents, including AmpliTaq Gold DNA polymerase, were from PE Applied Biosystems
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(Foster City, CA). The thermal cycling conditions were 95*C for 10 minutes, followed by 40 cycles of

95'C, 15 seconds and 60°C, 1 minute. PCR reactions and product detection were carried out in an ABI

Prism 7700 Sequence Detection System (PE Applied Biosystems). The amplified product was detected by

measurement of SYBR Green I, which was added to the initial reaction mixture. The threshold cycle (CT)

values obtained through the experiments indicate the fractional cycle numbers at which the amount of

amplified target reach a fixed threshold. The CQ values of both target and internal reference (GAPDH)

were measured from the same samples, and the expression of the target gene relative to that of GAPDH

was calculated using the comparative CT method. This method normalizes the expression levels and allows

calculation of the relative efficiency of the target and reference amplification.

Cloning-A GPR4 PCR fragment (nucleotides #1175-1535) (4) was obtained by PCR

amplification using cDNA from HEY ovarian cancer cells as the template. This PCR fragment was used to

screen a human genomic library (Clontech, Palo Alto, CA) to obtain the full-length clone of GPR4. GPR4

was subsequently cloned into mammalian expression vectors using PCR amplifications with the high fidelity

Advantage cDNA polymerase (Clontech). The PCR reactions were conducted for fewer than 20 cycles

and the sequence of the products was confirmed by sequencing. The primers: 5'-

CAGGAATTCTCGGCAACCACACGTGGGAGG, and 5'-

CGCTCTAGAGCCACTCGGGGTTCATTGTG were used to generate full length GPR4, which was

digested with EcoR I and Xba I and cloned into the pBs3HA vector (pBluescript II KS' vector with three

HA-tags inserted, a kind gift from Dr. J. DiDonato, Cleveland Clinic Foundation). The resulting 3HA-

GPR4 was subsequently cloned into the mammalian expression vector pIRES-hygro (Clontech) to generate

pIREShyg-GPR4, using primer 5'-CAGATGCATAAACGCTCAACTrTGG and the T7 primer (inserted

into the Nsi I and Not I sites of pIRES-hygro). pGPR4-GFP was generated using the T3 primer and 5'-

GTCGGTACCTGTGCTGGCGGCAGCATC (stop codon was deleted and the resulting GPR4 was
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cloned into Hind III and Kpn I sites of pEGFP-N1; Clontech). pSRE-Luc was purchased from Stratagene

(La Jolla, CA). MCF10A cells were transiently transfected with pGPR4-GFP and used for calcium assays.

CHO cells were transfected with pIREShyg-GPR4 (LipofectAMiNE reagent; Life Technologies, Rockville,

MD) and stable clones were selected with 200 gg/ml hygromycin in DMiEMIF12 plus 5% FBS. BEK293

cells were transfected with pGPR4-GFP and stable clones were selected with 400 •tg/ml G418 in RPMI

1640 plus 10%FBS. Swiss 3T3 cells expressing GPR4 were derived by infection with retroviruses

encoding receptor (MSCV GPR4 ires-GFP) followed by FACS sorting of GFP positive cells (16).

Calcium assays-Measurement of [Ca 2+]i, was performed as described previously (2). Briefly,

pGPR4-GFP-transfected MCF10A cells were grown in specialized glass-bottom dishes (Bioptech, Inc.,

Butler, PA) and loaded with fura-2 in HEPES buffered saline. Using a dual-wavelength spectrofluorometer

(RFK-6002, Photon Technology Int'l, So. Brunswick, NJ) coupled to an inverted fluorescence microscope

(Olympus, IX-70, Lake Success, NY), GFP-positive cells were identified using an excitation wavelength of

488 nm, a dichroic 505 nm long-pass filter and an emitter filter at bandpass of 535 urn (Chroma

Technology, Brattleboro, VT). Measurements of [Ca2+]i were performed on individual GPR4-GFP

positive cells at excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm.

Conversion of the 340/380-ratio value into [Ca 2+]i in nM was estimated by comparing the cellular

fluorescence ratio with ratios acquired using fura-2 (free acid) in buffers containing known Ca 2+

concentrations. [Ca2+]i was then calculated as described by Grynkiewicz et al. (17). All calcium assays

were performed in the presence of 1 mM EGTA in the assay buffers. Therefore, intracellular calcium

release, not calcium influx, was analyzed.

Internalization-pGPR4-GFP stably expressing HEK293 cells were cultured in 6 cm tissue culture

dishes in RPMI1640 with 10% FBS. After 16-24 h serum starvation, cells were treated with different lipids
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at 37°C for 2 h. Cells were washed with cold PBS and fixed with 4% paraformaldehyde in PBS. The

subcellular localization of GPR4-GFP protein was visualized under a Leica TV confocal fluorescence

microscope with a 63x oil immersion lens (Wetzler, Heidelberg, Germany). The excitation and emission

wavelengths were 488 nm and 515-540 nm, respectively.

Binding assays-CHO cells were chosen for GPR4 binding assays, since HEK293 cells express

relatively high levels of endogenous GPR4. CHO cells stably transfected with empty vector or GPR4 were

serum starved for 20 h, then collected after exposure to 2 mM EDTA in PBS. The pelleted cells were

stored at -80'C until use. Binding assays were performed essentially as described previously (2), except

binding was performed at 4°C. Briefly, frozen cells (106 cells/mi) were homogenized in a binding buffer (2).

Assays were performed in 96-well plates in triplicate with 100jul cell homogenate (equivalent to 105

cells/well). Different amounts of [3H] SPC or [3H] 16:0-LPC were added to the cell homogenates in 50 p.l

of binding buffer, in the presence or absence of cold SPC or 16:0-LPC, or other competitors. The plates

were incubated at 4°C for 120 min, unless otherwise indicated. Cell-bound [3H] SPC or [3H] LPC was

collected onto a filter (Printed Filtermat A, Wallac, Gaithersburg, MD) using an automated cell harvester

(HARVESTER 96, Tomtec, Orange, CT). Specific binding was calculated by subtraction of nonspecific

binding (binding detected in the presence of 100-fold excess unlabeled SPC or 16:0-LPC) from the total

binding.

Reporter (SRE) assays-The SRE reporter system (pSRE-Luc) was a gift from Dr. Songzhu An

(UCSF), or purchased from Stratagene (La Jolla, CA). Both systems gave identical results. HEK293 and

HEK293-GPR4 cells were cultured in RPMI1640 with 10%FBS in 10 cm dishes to -85% confluence. To

the cells in each dish, pSRE-Luc (10 gg) was transfected in the presence of 60 gI LipofectAMiNE reagent.

Cells were seeded in 96-well plates 16 h after transfection, incubated for another 24 h in RPMI1640 with

10% FBS, and starved in serum-free medium for 16 h. SPC (dissolved in PBS to 10 aMM) and other lipids
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(LPCs were dissolved in 70% ethanol. Other lipids were dissolved in PBS, 70-95% ethanol, or 100%

MeOl) were diluted in serum free RPMI 1640 and added to the cells, followed by a 10 h incubation.

Luciferase activity was measured in MicroliteTM 1 plates (DYNEX Technologies, Inc., Virginia) using 60 g.l

of cell lysate and 20 pl luciferase substrate. PTX (100 ng/ml) was added during the 16 h serum starvation

period and pcDNA1 -C3 (encoding the C3-exoenzyme, 2 gg) was co-transfected with pSRE-Luc (10 gtg).

ERK activation assays-Swiss 3T3 cells were infected with MSCV GPR4-ires-GFP or MSCV

ires.GFP, and subsequently cells sorted by FACS for positive expression of GFP as described previously

(16). Cells were plated in 6-well plates in DMEM containing 5% FBS, serum-starved overnight, and then

treated lipids in DMEM for the indicated times. Cells were lysed on ice in RIPA buffer containing 50 mM

Tris-HCI, pH 7.5, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl, 2mM EGTA,

25 mM sodium fluoride, 1 mM sodium orthovanadate, and 1 x protease inhibitors (Sigma P8340). Lysates

containing equal amounts of protein were separated on 10% SDS-polyacrylamide gels and transferred onto

nitrocellulose membranes. Antibodies against phosphorylated ERK1/2 (Cell Signaling Technologies;

Beverly, MA) were used to probe the membrane and the ECL system (Amersham) was used for detection.

To normalize the amounts of protein loaded in each lane, membranes were stripped and re-probed with

antibodies against total ERK (Cell Signaling Technologies). In some experiments, cells were pretreated with

100 ng/ml PTX for 12 -16 h prior to SPC and LPC stimulation.

DNA synthesis assay-The effect of SPC and LPC on DNA synthesis was measured using [3H]

thymidine incorporation. Briefly, GPR4-ires-GFP- and GFP-Swiss 3T3 cells were plated in 96-well plates,

serum-starved for 24 h, and treated with SPC, LPC, or other lipids in serum-free DMEM for 24 h. Cells

were incubated with 0.75 giCi/ml [3HI thymidine in serum-free DMEM for the last 18 h. Cells were

harvested onto filter papers presoaked in 1% polyethylenimine using the automated cell harvester
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HARVEST 96. Incorporated [CIIi thymidine was counted in a 1450 Microbeta Trilux Liquid Scintillation

and Luminescence Counter (Perkin-Elmer-Wallac, Inc.)

Cell Migration Assay-Chemotaxis was measured in a modified Boyden chamber assay. Briefly,

different lipids were added to the lower chambers. GPR4-ires-GFP- and GFP-Swiss 3T3 cells were

serum starved for 4 h, trypsinized, and seeded in the upper chambers of Boyden-transwell plates (Coming

Inc., Coming, NY). The chambers were incubated for 6 to 8 h. The number of cells that migrated to the

lower face of the membrane was counted in 4 random fields. Data are represented as the average ± SD of

three independent experiments. For the chemokinetic assay, the same concentrations of lipids were added

to both the upper and lower chambers. For Rho inhibition studies, C3-exoenxyme was transiently

transfected into Swiss 3T3 cells and cell migration assays were performed 48 hours later.

RESULTS

Human RNA Master Blot Probed with GPR4-GPR4 has been shown to be expressed in many

human tissues (18). For a wider analysis of GPR4 expression in human tissues, we probed the Human

RNA Master Blot (Clontech) containing RNAs from 50 different human tissues with the full length human

GPR4 clone labeled with [32P]dCTP (Experimental Procedures). GPR4 showed the highest expression in

ovary, liver, lung, kidney, lymph node, and sub-thalamic nucleus (Fig. 1). Other areas of the brain had a

lower expression of GPR4, as did the aorta, placenta, bone marrow, skeletal muscle, spinal cord, prostate,

small intestine, and some fetal tissues. GPR4 was also expressed at a detectable level in appendix, trachea,

testis, spleen, thymus, pituitary gland, adrenal gland, thyroid gland, and heart, but not in other tissues

including some areas of the brain, colon, bladder, uterus, stomach, pancreas, salivary gland, mammary

gland, peripheral blood leukocytes, fetal brain, and fetal heart (Fig. 1).
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Both SPC and 16:0-LPC induced transient increases in intracellular calcium concentration

([Ca2 +]i) in GPR4-transfected MCFIOA cells-We have shown that OGRi is a high-affinity receptor

for SPC (2). To test whether GPR4, which shares 51% sequence homology with OGRI, is also a receptor

for SPC, MCF10A cells were transiently transfected with pGPR4-GFP. MCF10A cells were chosen since

these cells do not respond to either SPC or 16:0-LPC in calcium assays and they express very low levels of

endogenous GPR4 among many human cell lines tested (Fig. 2).

The GFP receptor fusion was used to identify positively transfected cells, and single-cell calcium

assays were performed as described in our previous studies (2). SPC (1 gM) stimulated an increase in

[Ca 2 +]i in GPR4-, but not vector-transfected MCF1OA cells (Fig. 3A, 1st and the 2nd panels), suggesting

that GPR4 is a receptor for SPC. This is further confirmed by the stereo selectivity of GPR4 favoring D)

erythro-SPC (the bioactive form of SPC) vs. _threo-SPC (Fig. 3A, 3d panel). Interestingly, unlike

OGRI, which is specific for SPC as its ligand (2), GPR4-transfected cells were stimulated to produce

increased [Ca2+]i by an additional phosphorylcholine-containing lysolipid, 16:0-LPC (Fig. 3A, 4th panel).

To assess the affinities and potencies of SPC and 16:0-LPC, concentrations of each were varied and

calcium mobilization was measured (Fig. 3B). SPC appeared to have a higher efficiency (EC5o=105 nM)

than LPC (EC5o=1.1 tM'), although the [Ca 2+]i responses to LPC in GPR4-transfected cells were higher

than those of SPC at greater concentrations of LPC (up to 10 jiM) (Fig. 3B).

LPC has been shown to activate cellular responses in a PAF receptor-dependent manner (19-21).

However, LPC and SPC were not able to induce an increase in calcium through the endogenous PAF

receptor in parental cells (Fig. 3A, upper panel). Therefore, it is unlikely that the increase in calcium

induced by LPC was mediated by a PAF receptor. Nevertheless, to confirm that LPC and/or SPC did not

activate the endogenous PAF receptor in GPR4-transfected cells, three specific PAF receptor antagonists,



13

BN52021, WEB-2170, and WEB-2086, were used. Both BN52021 (200 gtM) and WEB-2086 (2 gtM)

completely abolished the calcium signal induced by PAF (100 nM) (Fig. 3C and 3D). However, the

cellular calcium response to LPC or SPC was not affected, indicating that calcium increases induced by

SPC and LPC were not mediated through an endogenous PAF receptor. Another PAF antagonist, WEB-

2170 (2 1±M), also completely blocked the action of PAF, but did not affect the increase in calcium induced

by either LPC or SPC (data not shown). In addition, LPC and SPC showed not only homologous, but also

heterologous, desensitization to each other (Fig. 3E), suggesting that these two lipids activated the same

receptor.

To determine which G protein is involved in the increased [Ca2+]i response to SPC and LPC in

GPR4-transfected cells, the sensitivity of this activity to PTX was tested. The increase in [Ca2+]j response

to both SPC and LPC, as well as to stimulation of endogenous LPA receptor(s), but not PAF or ATP

receptors, was completely abolished by PTX (100 ng/ml, 16 h pretreatment) (Fig. 3F), suggesting the

involvement of a Q pathway.

In plasma, LPC is mainly present in albumin- and lipoprotein-bound forms (22). To determine

whether BSA-bound SPC and LPC are able to induce increases in [Ca2 +]i, we pre-incubated SPC (1 gtM)

and LPC (1 ptM) with a molar excess of BSA [0.5% fatty acid-free BSA (Sigma)], for a lipid:BSA molar

ratio of approximately 1:75. At this molar ratio, BSA blocked more than 50% and 95% of the increases in

[Ca2+], induced by SPC and LPC, respectively (Fig. 3G). These results suggest that albumin-bound LPC

may not be able to activate this receptor, and support the concept of nultiple LPC compartmentalization

(e.g. bound and free) (23).

Recently, Im et al have identified Psy as a ligand for TDAG8. TDAG8 shares approximately 38%

homology with OGRI, GPR4 and G2A (15). To determine whether Psy is a ligand for GPR4, and to
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delineate the structural specificity of ligands for GPR4, we tested the effect of Psy, Glu-Sph, Gal-Cer, and

Lac-Cer to increase [Ca2+]i in MCF10A cells. We found that at 1 gM, Psy, Glu-Sph, and Lac-Cer did

not stimulate increases in [Ca2÷]i in either MCF10A parental or GPR4-expressing cells (Fig. 3H). Gal-Cer

(IgM) induced the same level of increased [Ca 2÷]i, in both parental and GPR4-expressing MCF10A cells

(Fig. 311). These data suggest that these glycosphingolipids are unlikely to be ligands of GPR4.

SPC and LPC bind to GPR4-To characterize the binding of SPC and LPC to GPR4, we

conducted radioligand binding assays, using a method similar to that developed for OGR1 as described

previously (2). Cell homogenates were used for binding assays. Binding was conducted at 4°C for 120

min or as indicated. [3H] SPC and PM-I 16:0-LPC specifically bound to cell homogenates from GPR4-

Iransfected CHO cells in a time-dependent manner and reached equilibrium after 60 min incubation at 4°C

(Fig. 4A and 4B). Both CHO cells and CHO cells transfected with empty vector displayed low

background binding of SPC and LPC (Fig. 4A and 4B). SPC and 16:0-LPC bindings were saturable and

Scatchard analyses indicated dissociation constants (Kd) of 36 nM for SPC and 159 nM for LPC. The

maximum binding capacities for SPC and 16:0-LPC were 996 fmole/10 5 cells for SPC and 1,528".'

fmole/10 5 cells for 16:0-LPC (Fig. 4C and 4D). SPC (p<0.001) and various LPC species (16:0, 18:0

and 18:1; p values 0.001-0.01), but not LPA (18:1), LPI (18:0), SIP, SM (18:0), 16:0-PAF or 16:0-lyso-

PAF (p values >0.05), successfully competed for binding (Fig. 4E and 4F). Binding assays using P3H]

18:0-LPC gave similar results (data not shown). We also tested the four glycosphingolipids, Psy, Glu-Sph,

Gal-Cer, and Lac-Cer, for their ability to compete for the binding of PH] SPC and [PH] 16:0-LPC to

GPR4. None of these glycosphingolipids competed successfully (Data not shown). Thus, GPR4 was able

to specifically bind both SPC and LPC (16:0, 18:0 and 18:1), with a higher affinity for SPC than LPC.

Internalization of GPR4 induced by SPC and LPC--G protein coupled receptors undergo

agonist-dependent desensitization and internalization (24-26). When HEK293 cells were transfected with
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the pEGFP-NI vector, GFP protein was expressed in the cytosol of the cells (2). The GPR4-GFP fusion

protein, on the other hand, was expressed only on the plasma membrane (Fig. 5A). One micromolar

concentrations of SPC and 16:0-LPC, but not 16:0-PAF, induced internalization of GPR4 at 37°C (Fig.

5B, C and F). The PAF receptor-specific antagonist BN52021 did not block the internalization of GPR4

induced by either SPC or 16:0-LPC (Fig. 5D and E). Similarly, WEB-2170 and WEB-2086 did not affect

the internalization of GPR4 induced by either SPC or 16:0-LPC (data not shown).

LPC and SPC activated the SRE reporter system in HEK293 cells-The serum-response

element (SRE) reporter system is a sensitive assay for receptors of lipid factors (27,28). Using the

luciferase assay, vector-transfected HEK293 cells transfected with the SRE reporter system responded to

SPC (1 tNM), but not 16:0-LPC, with less thanl.5-fold activation (Fig. 6A). Activation was increased 3.1-

and 4-fold, respectively, in response to 16:0-LPC (1 gNM) and SPC (1 gM) in GPR4-transfected HEK293

cells that were also transfected with the SRE reported system (Fig. 6B). These increases were statistically

significant (p<0.001) when compared to the responses in vector-transfected cells (Fig. 6A). In contrast,

although LPA and S1P induced significant transcriptional activation of SRE in vector-transfected HEK293

cells, this activation was not altered by GPR4 transfection. In addition, we tested other phosphorylcholine-

containing lipids, including 16:0-PAF, 16:0-lyso-PAF and 18:0-SM, and found that none of them induced

significant transcriptional activation of SRE (Fig. 6A).

The SRE transcriptional activity in response to SPC, but not LPC, in parental HEK293 cells (Fig.

6A and 6B), can be explained by the endogenous expression of GPR4 in HEK 293 cells and the relatively

lower affinity of GPR4 for LPC compared to SPC. GPR4 transfection enhanced the activation of SRE

reporter by both SPC and LPC (Fig. 6A and 6B). EC50 values for the activation of SRE were 63 nM for

SPC and 160 nM for 16:0-LPC. The differences in EC50 values obtained using SRE activation from those
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using the calcium assay (105 nM and 1.1 [tM for SPC and LPC, respectively) are possibly derived from

different coupling efficiencies of distinct signaling pathways and/or different cellular environments.

To determine which G protein and other signaling intermediates might be involved in the activation of

SRE by SPC and 16:0-LPC, we pretreated cells with PTX (100 ng/ml) for 16 h, or co-transfected the

specific Rho inhibitor, C3-exoenzyme (1.5 jig pcDNA3-C3), with the reporter system. Both PTX and C3-

exoenzyme partially inhibited SRE-reporter activation (Fig. 6C). When the two inhibitors were added

together, SRE-reporter activation in response to either SPC or 16:0-LPC was almost completely blocked,

suggesting that G and Rho signaling pathways were involved in SRE activation through GPR4.

SPC and LPC activated ERK MAP kinase in a GPR4-dependent manner-MAP kinases are

key signaling intermediates of DNA synthesis and cell proliferation. To determine whether GPR4 mediates

ERK MAP kinase activation in response to SPC and LPC, we conducted Western blot analyses of GPR4-

ires-GFP-Swiss 3T3 and GFP-Swiss 3T3 cells treated with SPC, 16:0-LPC, and a number of other lipids.

The parental and GFP infected Swiss 3T3 cells showed a basal level of ERK activation, as detected by

anti-phospho-ERK antibody (Fig. 7A). SPC (100 nM) increased this level of activation (Fig. 7A). In

GPR4-ires-GFP-infected Swiss 3T3 cells, both SPC (100 nM) and LPC (100 nM) enhanced ERK

activation, and SPC was more potent than LPC (Fig. 7A). A number of other lipids, including SIP, Lac-

Cer and PAF, also activated ERK in Swiss 3T3 cells, but activation was independent of GPR4 expression

(Fig. 7A).

Lipid stock solutions, dissolved in ethanol or MeOH, were greater than 10 mM. Since the highest

final concentration of lipids used in this study was 10 gM, the solvent content was less than 0.1% in any

experiment. We routinely performed solvent controls and found that at final solvent concentrations of less

than 0.1%, 70-100% ethanol and 100% methanol did not alter any parameters tested.



17

The higher potency of SPC over LPC was further reflected in the concentration- and time-

dependent ERK activation (Fig. 7B and 7C). ERK activation induced by SPC compared to that by LPC

was evident at a lower concentration (approximately 10 nM vs. 100 nM), at earlier time points (1 min vs. 5

min), and was maintained for a longer time. These results strengthen the notion that both SPC and LPC are

ligands for GPR4, but SPC has a higher affinity than LPC for GPR4.

In GPR4-infected Swiss 3T3 cells, SPC-induced ERK activation was sensitive to PTX, suggesting

involvement of Q signaling (Fig. 7D). This is in contrast to our previous studies where SPC induced ERK

activation via a PTX-insensitive pathway in OGRl-transfected HEK293 cells (2). To determine whether

this difference was due to receptor subtype or different cell lines used, we tested the PIX-sensitivity of

SPC-induced ERK activation in OGRl -infected Swiss 3T3 cells. Our results showed that in Swiss 3T3

cells, SPC-induced ERK activation via OGRI was PTX-insensitive (Fig. 7D). Thus, although GPR4 and

OGRl are highly homologous, the same high-affinity ligand (SPC) induces activation of ERK through a

different G protein pathway for each receptor.

SPC stimulated DNA synthesis in GPR4-infected Swiss 3T3 cells-To determine whether SPC

and LPC affect DNA synthesis in a GPR4-dependent fashion, we measured [I-l] thymidine incorporation

into GPR4-ires-GFP-Swiss 3T3 and GFP-Swiss 3T3 cells. SPC stimulated DNA synthesis in both

parental and GFP-infected cells (approximately 6.3-fold increase with 3 jiM SPC). These results are

qualitatively consistent vth observations by Desai et al (29). This stimulation was further enhanced by the

expression of GPR4 (1.8- to 2-fold increase over GFP-infected Swiss 3T3 cells; Fig. 8A). In both GFP-

and GPR4-GFP expressing cells, DNA synthesis stimulated by SPC was inhibited by PTX (Fig. 8A),

suggesting Q signaling was required for this activity. GFP-expressing cells did not respond significantly to

16:0-LPC, whereas [H] thymidine incorporation increased 1.6-fold in GPR4-infected Swiss 3T3 cells in
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response to 3 ItM 16:0-LPC (Fig. 8B). Higher concentration of lipids did not further increase fH]

thymidine incorporation stimulated by SPC or LPC (data not shown).

SPC and LPC induced cell migration in a GPR4-dependent manner-As a major component

of oxidized low-density lipoprotein (ox-LDL), LPC has been proposed to play a role in atherosclerotic

lesion development (30,31). One of the roles of LPC potentially related to atherosclerosis is as a

chemoattractant for monocytes, T lymphocytes, and smooth muscle cells (32-34). We used Swiss 3T3

cells infected with GFP or GPR4-ires-GFP as a model system to compare the effects of SPC and 16:0-

LPC on cell migration. GPR4 overexpression in Swiss 3T3 fibroblasts increased cell migration in response

to SPC (100 rM; lower chamber only) and 16:0-LPC (100 nM; lower chamber only) 2.0-fold and 1.7-

fold, respectively, over that observed in GFP-Swiss 3T3 cells (Fig. 9A). Other lipids (18:1-LPA, SiP, or

16:0-PAF) did not alter cell migration in GPR4- vs. vector-transfected cells (Fig. 9A). Cell migration

stimulated by both SPC and LPC was inhibited by C3-exoenzyme expression, suggesting that Rho is

involved in this process.

Concentration response studies (Fig. 9B) indicate that SPC and LPC were effective at inducing cell

migration in the 1-100 nM concentration range. To determine whether this effect was chemotactic or

chemokinetic, we measured cells that migrated from the upper to the lower chambers in Boyden chamber

assays, conducted with lipids (at 100 nM) in both upper and lower chambers. SPC or 16:0-LPC did not

significantly change cell motility when compared to controls (without lipid in either chamber) in either GFP

or GFP-GPR4 expressing Swiss 3T3 cells (Fig. 9C). S1P slightly inhibited, PAF slightly enhanced, and

LPA did not show a significant effect on cell migration in treated vs. untreated GFP or GFP-GPR4

expressing cells (Fig. 9C). These results suggest that the effect of SPC and 16:0-LPC on cell migration was

chemotactic, not chemoldnetic, and that the chemotactic effect was mediated through GPR4.



19

DISCUSSION

GPR4 shares -50% homology with OGRI. We therefore speculated that these two receptors may

have overlapping ligand specificity. Indeed, the results presented here show that GPR4 is a second high-

affinity receptor for SPC. OGRI and GPR4 may play both overlapping and distinct physiological and

pathological roles. We have shown that OGR1 and GPR4 bind SPC with similar affinities (33 nM and 36

nM, respectively) and both receptors mediate SPC-induced increases in intracellular calcium and ERK

activation. However, GPR4- and OGRi -mediated ERK activation is PTX-sensitive and -insensitive,

respectively (Fig. 7A), suggesting that GPR4 and OGR1 couple to different G proteins to activate ERK.

More importantly, these differential couplings appear to lead to differential effects on cell proliferation. On

the other hand, while OGR1 mediates PTX-insensitive growth inhibition by SPC in a number of cells tested

(2), GPR4 mediates PTX-sensitive DNA synthesis by SPC in Swiss 3T3 cells. Together, these data

suggested that the endogenous receptor(s) for SPC in Swiss 3T3 cells was GPR4-like, rather than OGRI -

like, since parental Swiss 3T3 cells respond to SPC to activate ERK and increase DNA synthesis through a

PTX-sensitive pathway (Fig. 8A). The expression of GPR4 in these cells has been confirmed by

quantitative PCR analysis (Fig. 2).

GPR4 and OGRi have different tissue distributions, which may be related to their physiological and

pathological roles. Both OGR1 and GPR4 are highly expressed in the lung. However, OGR1 is expressed

at high levels in the placenta, spleen, testis, small intestine and peripheral leukocytes (8,18), whereas GPR4

is not expressed, or is expressed at relatively low levels, in these tissues. While GPR4 is expressed at high

levels, in the liver, kidney, and ovary (Fig. 1), OGR1 is not expressed in these tissues (8,18). The

physiological and pathological roles of these receptors remain to be further investigated.

Another significant finding from this study is the identification of GPR4 as the second G protein

coupled receptor for LPC [the first LPC receptor, G2A, was recently described (14)]. GPR4 binds to
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LPC (in addition to SPC), but not PAF or lyso-PAF, to mediate an increase in intracellular calcium,

receptor internalization, SRE activation, MAP kinase activation, DNA synthesis, and cell migration.

Although effects of LPC on transmembrane signal transduction have been widely reported, a specific

receptor recognizing LPC had not been identified previously (32). LPC lyses cells at high concentrations

(>30[tM) (35) and many of the cellular effects previously reported for LPC were observed at high

concentrations. Therefore, it is possible that some of the LPC effects in vivo are not receptor mediated.

On the other hand, evidence has been accumulating to support the notion that, at low concentrations, LPC

acts through membrane receptors: a) at relatively low concentrations ( less than 10 gtM), LPC exerts cell-

specific effects; b) LPC increases intracellular Ca2 concentration in association with production of

inositolphosphates; and c) these actions of LPC are markedly inhibited by treatment of the cells with PTX

and U73122 (36). Some LPC effects are believed to be mediated through the PAF receptor in various cell

types, reflected by their partial sensitivity to PAF receptor antagonists (WEB-2170, WEB-2086, and CV-

6209) (21,22,37,3 8). We have shown in the present study, however, that intracellular calcium increase and

receptor internalization induced by LPC are dependent on the expression of GPR4 and are insensitive to the

PAF receptor antagonists, BN52021, WEB-2071 and WEB-2086. These results clearly show that LPC

does not activate these signaling pathways through PAF receptors. We have identified G2A as the first

LPC receptor (14). The expression of G2A is restricted to lymphoid tissues (39), while GPR4 is more

ubiquitously expressed (Fig. 1). This, together with the different affinities of these two receptors for LPC,

may reflect distinct physiological functions for G2A and GPR4.

Physiological concentrations of LPC in body fluids, including blood and ascites, are very high (5-

180 tM), when compared to other signaling lipid molecules, such as LPA, S1P and SPC (22, 36,40,41

and our unpublished results). All receptors would be saturated, down regulated, and/or desensitized at

these concentrations of LPC if it were all in a form available to its receptors. However, different
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concentrations of LPC present in various cellular and tissue systems (i.e. different LPC compartments) may

regulate cellular functions differentially (23). LPC in plasma is present mainly in albumin- and lipoprotein-

bound forms (22). These forms may be active in some non-receptor-mediated functions of LPC, such as

delivery of fatty acids and choline (22), but may be in a form unavailable for receptor activation. It has been

shown that some of the effects of LPC are decreased in the presence of albumin (42). Thus, the functionally

available concentration of LPC in vivo, and the activation of LPC receptors may be controlled by the lower

concentrations of free LPC. Although this issue remains to be further addressed, our results shown in Fig.

3G appear to support this notion. The presence of a 75-fold molar excess of BSA greatly diminished the

ability of LPC to elicit an increase in [Ca2 +]i through the GPR4 receptor. Perhaps physiologically relevant

concentrations of LPC in vivo that pertain to LPC's interactions with GPR4 will be better understood when

estimates of unbound LPC concentrations in specific tissues can be reliably made. In vivo the molar ratio

of albumin (approximately 3-5% in plasma) to LPC can theoretically be from 3- to100-fold in plasma. In

extravascular sites where albumin concentration is less than in plasma, the ratio of albumin to LPC can be

lower.

TDAG8, which shares approximately 38% homology with OGR1 and GPR4, has recently been

shown to be a Psy receptor (15). Treatment of cultured cells expressing this receptor with Psy or

structurally related glycosphingolipids results in the formation of globoid, multinuclear cells (15). We have

tested the effect of Psy and related glycosphingolipids in calcium mobilization, competition of ligand binding,

and MAP kinase activation assays and found no evidence that these lipids interact with GPR4. The

questions of whether Psy is also a ligand for GPR4 and whether TDAG8 is a lysophospholipid receptor

require further investigation.

It appears that ligands of GPR4 induced cell shape changes (Fig. 5), suggesting that SPC and LPC

may affect the cellular cytoskeleton. Both LPA and SIP are able to affect cytoskeleton through Rho
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(43,44). SPC and LPC are also able to activate Rho, as evidenced by C3-exoenzyme sensitivity of SRE

reporter activity (Fig. 6) and cell migration (Fig. 9) induced by SPC/LPC. It remains to be determined

whether the cell shape change induced by SPC/LPC is a Rho-mediated effect and which cellular proteins

are involved in these processes.

Different cell lines (MCF10A, HEK293, CHO, and Swiss 3T3 cells) were used in our studies. As

shown in Fig. 2, MCF10A cells expressed the lowest level of endogenous GPR4 among cell lines tested.

This cell line does not respond to either SPC or LPC in calcium assays (2). Therefore, calcium assays

described here were performed in these cells. Because the transfection efficiency of MCF10A cells is very

low (2), we were unable to establish stably expressing lines for conducting other assays. Despite their

relatively high level of GPR4 expression, HEK293 cells were chosen for the internalization and SRE

reporter assays, mainly because they are human in origin, and also yielded a high transfection efficiency (Fig.

1). The internalization assays utilized transfected receptor-GFP fusion proteins and the transcriptional

responses in SRE reporter assays were compared to those in parental or vector-transfected cells.

Therefore, the effects of the exogenous GPR4 receptor were readily separable from those of the

endogenous receptor(s). CHO cells were chosen for binding assays, because they exhibit low responses to

SPC and LPC in calcium assays and are readily transfected. We detected SPC- and LPC-induced MAP

kinase activation through GPR4 in Swiss 3T3, but not HEK293 and CHO cells (Fig. 7 and data not

shown). Hence, Swiss 3T3 cells were chosen for MAP kinase activation and mitogenic studies. It is well

known that receptor mediated signaling transduction is dependent on multiple cellular factors. The

molecular basis for the differential activation of GPR4 in different cells remains to be further explored.

In summary, our results indicate that SPC is a high-affinity, and LPC a lower-affinity, ligand for

GPR4. This conclusion is directly derived from the results of ligand binding assays (Kd values of 36 vs. 159

nM for SPC and 16:0-LPC, respectively). This is also supported by results from assays of different
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signaling pathways activated by SPC and LPC, including increases in calcium, transcriptional activation of

SRE, ERK activation, and stimulation of DNA synthesis and cell migration. In recent decades, many

reports have described a significant elevation of LPC levels in cells and tissues in different diseases (32, 41,

45). Numerous lines of evidence suggest that LPC, which is a major lipid component of ox-LDL, and

which accumulates in atherosclerotic lesions (11), plays pathological roles in the development of

atherosclerosis and other chronic inflammatory diseases (11,12). LPC also plays other important biological

roles. For example, LPC functions as a fatty acid and choline carrier and delivers fatty acids more

specifically to brain than other tissues (22). The identification of GPR4 as a receptor for LPC and SPC

solidifies the assignment of a new lysophospholipid receptor subfamily (OGR1, GPR4, and G2A). Further

studies should address possible functional redundancy amongst these receptors and add important

information to our understanding of inflammatory diseases.
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FIGURE LEGENDS

Fig 1. GPR4 expression in different human tissues. The human RNA Master Blot (Clontech) was

probed with 32p-labeled GPR4 (Experimental Procedures).

Fig. 2. Expression of GPR4 in human cell lines. Real-time Quantitative PCR was utilized to determine

relative expression levels of GPR4 expressed in cells, as described in "Materials and Methods". All PCR

reactions were performed in triplicate. The comparative Q method was used to calculate the relative

expression levels of GPR4 in different cell lines as described in Experimental procedures. HEY, OCC1,

NIH:Ovca3. SKOV3, Ovca429, Ovca432, and Ovca433 are ovarian cancer cells. MCF7 is a breast

cancer cell line. MCF1OA is an immortalized breast cell line. HeLa is a cervical cell line. All cell lines

shown, except Swiss 3T3, are human cell lines.

Fig. 3. SPC- and LPC- induce transient increases in [Ca 2+I in GPR4-transfected MCF10A cells.

A, upper panel: the effect of SPC (I 1 M), 16:0-LPC (I rM), 18:1 -LPA (1jiM), 16:0-PAF (0.1 gM), and

ATP (20 gM) on [Ca 2+]i in pEGFP-Nl-transfected MCF10A cells. The T•d to the 4th panels: MCF1OA

cells were transiently transfected with pGPR4-GFP, and treated with SPC, L- and D-SPC, LPC, LPA,

PAF, or ATP. B, SPC and 16:0-LPC concentration response curves in pEGFP-GPR4-transfected

MCF10A cells. C, The effect of BN52021 on increased [Ca 2+]i induced by agonists. D, The effect of

WEB-2086 on increased [Ca 2+]i induced by agonists. E, Homologous and heterologous desensitization of

GPR4 by SPC and 16:0-LPC. F, The sensitivity of SPC- and 16:0-LPC-induced calcium increases to

PTX pretreatment. G, The effect of BSA (0.5%) on the ability of SPC and LPC to induce an increase in

[Ca 2+]i. SPC (ljIM) and LPC(lgM) were incubated with 0.5% fatty acid-free BSA for 30 mrin at room
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temperature and the mixtures were used to stimulate MCF10A cells transfected with pGPR4-GFP. H,

Gal-Cer (1 pM)-stimulated increase in [Ca2+], in parental and pGPR4-GFP expressing MCF10A cells. All

calcium measurements were performed in EGTA-containing, calcium-free buffer. The data are

representative of at least five independent experiments.

Fig. 4. Binding of SPC and 16:0-LPC to GPR4. A and B, Time dependence of specific PH] SPC and

[31-] LPC binding. Cell homogenates (100 tLL, equivalent to 105 cells) from vector- or GPR4 stably-

transfected CHO cells were incubated with [3H] SPC (1 nM) or [PMI] 16:0-LPC (1 nM) for the indicated

times. Specific binding is shown. C and D, Saturation isotherm of specific binding of PH]SPC and

[3H]16:0-LPC to GPR4-transfected CHO cells. Cell homogenates (100 piL) were incubated with the

indicated concentrations of PH] SPC or PH] 16:0-LPC in the presence or absence of unlabeled SPC (100-

fold excess) or unlabeled 16:0-LPC (100-fold excess). Specific binding is presented. E and F, Structural

specificity of binding of [3H] SPC and PH]l6:0-LPC to GPR4. GPR4-transfected CHO cells were

incubated with PH] SPC (1 nM), or MH]16:0-LPC (1 nM) in the presence or absence of 100 nM of

different unlabeled lipids. Total binding is presented. All binding experiments were performed in triplicate in

96-well plates. Data are means ± SD from three independent experiments. *, p < 0.05; **, p < 0.01; ***,

p < 0.001; as compared to the control (Student's t test).

Fig. 5. Internalization of GPR4 induced by SPC and LPC. A, HEK293 cells stably expressing pGPR4-

GFP. B, pGPR4-GFP stably expressing cells was treated with SPC (I gNM) at 37°C for 2h. C, pGPR4-

GFP-expressing cells were treated with 16:0-LPC (1 1±M) at 37°C for 2 h. D and E, as in B, and C,

except cells were pretreated with BN52021 (200 gM) for 5 min. F, pGPR4-GFP-expressing cells were
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treated with PAF (1 .tM). All experiments were repeated at least three times. Representative data are

shown.

Fig. 6. SPC and LPC activate SRE in a GPR4-dependent manner. A, The SRE-luciferase responses

to different lipids in vector- and GPR4-transfected HEK293 cells. 18:1-LPA, 16:0-LPC, SPC, S1P, 18:0-

SM, 16:0-PAF, and 16:0-lyso-PAF (1 1tM of each) were used. The experiments were conducted as

described in Experimental Procedures and Methods. B, Concentration-dependent SRE-luciferase activity

induced by SPC and 16:0-LPC in vector- and GPR4-transfected cells. C, Inhibition of SPC- and 16:0-

LPC-induced SRE activity by PTX and C3 exoenzyme. All experiments were performed in quadruplicate

and were repeated at least three times. Representative data are shown. Cont.: control; *, p < 0.05; **, p

< 0.001; as compared to the control. #, p<0.001 when compared to SPC- or 16:0-LPC-induced activity

in vector-transfected cells. The Student's t test was performed using the GraphPad Instat software (San

Diego, CA). p < 0.05 was considered to be statistically significant.

Fig. 7. Activation of ERK MAP kdnase by SPC and LPC in GFP-, and GPR4-ires-GFP-expressing

Swiss 3T3 cells. ERK MAP kinase assays were performed as described in Experimental Procedures. A,

Structural specificity of lipid-induced ERK activation via GPR4 in Swiss 3T3 cells. Cells were treated with

1 giM Psy, Gal-Sph, Lac-Cer), sphingosine-1-phosphate (SIP), 16:0-LPC, SPC and 16:0-PAF for 5 min.

B, Concentration-dependence of ERK activation stimulated by SPC and 16:0-LPC. Cells were treated

with 1, 10, 100 and 1000 nM of 16:0-LPC or SPC for 5 min. C, Time-dependence of ERK activation

stimulated by SPC and 16:0-LPC. Cells were treated with SPC (100 nM) or LPC (100 nM) for the

indicated time. D, GPR4-ires-GFP-, and OGRl -ires-GFP- Swiss 3T3 cells were untreated or treated with
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16:0-LPC (100 nrM) or SPC (100 nM) for 5 min in the absence or presence of PTX (100 ng/ml, 16 h pre-

treatment.

Fig. 8. DNA synthesis stimulated by SPC and 16:0-LPC in GPR4-overexpressing cells. DNA

synthesis was measured by LrH] thymidine incorporation as described in Experimental Procedures in both

GFP- and GPR4-ires-GFP-Swiss 3T3 cells. PTX was added to selected groups at 100 ng/ml for 16 h prior

to lipid treatment. The data shown represent the means ± SD from three independent experiments.

Fig. 9. SPC and LPC stimulate cell migration in GPR4-overexpressing Swiss 3T3 cells. Cell

migration was measured in a modified Boyden chamber assay as described in Experimental Procedures.

The cell numbers on the lower faces of the membranes were determined and are presented as the means ±

SD of three independent experiments. **, p < 0.01; ***, p < 0.001, compared to the control. Student's t

test was performed using the GraphPad Instat software (San Diego, CA). p < 0.05 was considered to be

statistically significant.
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Abstract

Naturally occurring alkyl- and alkenyl-lysophosphatidic acids (al-LPAs 3) are

detected and elevated in ovarian cancer ascites, compared with ascites from non-malignant

diseases. We describe here that these ether-linked LPAs may play an important role in

ovarian cancer development. They are elevated and stable in ovarian cancer ascites, which

represents an in vivo environment for ovarian cancer cells. They stimulated DNA synthesis

and proliferation of ovarian cancer cells. In addition, they induced cell migration and the

secretion of a pro-angiogenic factor, interleukin-8 (IL-8), in ovarian cancer cells. The latter

two processes are potentially related to tumor metastasis and angiogenesis, respectively.

AI-LPAs induced diverse signaling pathways in ovarian cancer cells. Their mitogenic

activity depended on the activation of the Gj/0 protein, phosphatidylinositol-3 kinase

(P13K), and mitogen-activated protein (MAP) kinase kinase (MEK), but not p38 MAP

kinase. The S473 phosphorylation of Akt by these lipids required activation of the Gio

protein, P13K, MEK, p38 MAP kinase, and Rho. On the other hand, cell migration

induced by al-LPAs depended on activities of the G/0 protein, PI3K, and Rho, but not

MEK.

3 The abbreviations used are: Akt, protein kinase B; al-LPAs, alkyl- and alkenyl-lysophosphatidic acids; Edg,

endothelial differentiation genes; ECL, enhanced chemiluminescence; ELISA, enzyme-linked immunosorbent assay;

ERK, extracellular mitogen-regulated kinase; ESI-MS, electrospray ionization mass spectormetry; FBS, fetal bovine

serum; GPCR, G protein-coupled receptor; IL-8, interleukin-8; LPA, lysophosphatidic acid; MAP kinase, mitogen-

activated protein kinase; MEK or MKK, MAP kinase kinase; MS/MS, tandem mass spectrometry; MRM, multiple

reaction monitoring; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; OCAF, ovarian cancer

activating factor; PI3K, phosphatidylinositol 3-kinase; PLC, phospholipase C; PLD, phospholipase D; PKC, protein

kinase C; PTX, pertussis toxin; S 1P, sphingosine-l-phosphate; TLC, thin layer chromatography.
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INTRODUCTION

Lysophosphatidic acid (LPA) is a bioactive lysolipid that is involved in a broad range of

biological processes in a variety of cellular systems (1, 2). LPA induces cell proliferation or

differentiation, prevents apoptosis induced by stress or stimuli, induces platelet aggregation and

smooth muscle contraction, and stimulates cell morphologic changes, cell adhesion, and cell

migration (1-5). LPA has been shown to be involved in angiogenesis, wound healing, and

inflammatory processes (6-15). LPA exerts many of its effects by binding to G protein-coupled

receptors (GPCRs), resulting in a cascade of intracellular signaling activations (2, 16). Three

endothelial differentiation genes (Edg2, 4 and 7) have been identified as receptors for LPA (17)

(7, 18, 19). LPA stimulates GQ-mediated extracellular mitogen-regulated kinase (ERK) and

P13K/Akt activation, Gq-mediated phospholipase C (PLC) and protein kinase C (PKC)

activation, and G12/13-mediated Rho activation (1, 2).

We have previously identified a growth-stimulating factor, ovarian cancer activating

factor (OCAF), in ascites from patients with ovarian cancer. OCAF is composed of various

species of LPAs (with different fatty acid side chains) (20). OCAF and synthetic 18:1 -acyl-LPA

stimulate growth of ovarian, breast and Jurkat cells (21, 22). Acyl-LPA (18:1) also regulates

other cellular activities. It enhances cell adhesion/attachment (23), stimulates interleukin-8 (IL-

8) production from ovarian cancer cells (24), and synergizes with other agents, such as thrombin

agonists, noradrenaline, ADP and arachidonic acid, to induce strong platelet aggregation (5).

LPA has been shown to decrease cis-diamminedichloroplatinum-induced cell death (25), prevent

cell apoptosis (26), and induce urokinase secretion (27) and vascular endothelial growth factor

expression in human ovarian cancer cells (15). In addition, we have shown that acyl-LPAs are

3



elevated in plasma from patients with ovarian cancer and may represent a useful marker for the

early detection of ovarian cancer (28).

There are three subclasses of LPA: acyl-, alkyl-, and alkenyl-LPAs. The latter two

subclasses of LPAs (al-LPAs) differ from acyl-LPA in that the fatty acid chain is linked to the

glycerol backbone through an ether or a vinyl, rather than an ester bond in acyl-LPAs. The

majority of research work on LPA has been performed on acyl-LPAs (19, 29), although the

effect of synthetic alkyl-LPA on platelet aggregation was reported decades ago (30). Most alkyl-

LPA work was performed using synthetic alkyl-LPA (30, 31), and the naturally occurring al-

LPAs have only been reported in recent years (12, 32-34).

We have recently developed an electrospray mass spectrometry (ESI-MS)-based method

to analyze lysolipids in body fluids (35) and found that, in addition to acyl-LPAs, ascites from

patients with ovarian cancer contain elevated alkyl- and alkenyl-LPAs (al-LPAs; including 16:0-

/18:0-alkyl-LPA and 16:0/18:0-alkenyl-LPA), when compared with ascites from patients with

benign diseases and endometrial cancer (35). These results implicate that al-LPAs may have

potential pathophysiological roles in ovarian cancer.

In the present study, we describe that al-LPAs were more stable than acyl-LPAs in

ascites. These lipids stimulated DNA synthesis and proliferation of ovarian cancer cells through

Gi-, P13K- and MEK-dependent pathways. Al-LPAs and acyl-LPAs induced migration of

ovarian cancer cells through collagen I-coated membranes and this activity required the

activation of Gi, and was partially dependent on P13K activity. In addition, al-LPAs stimulated

IL-8 production. Similar to acyl-LPAs as we reported recently (36), al-LPAs activated Akt

kinase and induced a Rho-, P13K-, and MEK-dependent S473 phosphorylation of Akt.
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MATERIALS AND METHODS

Chemicals. LPAs (16:0, 18:0, and 18:1), lyso-platelet activating factor (lyso-PAF) and

other lysophospholipids were purchased from Avanti Polar Lipids (Birmingham, AL). Lyso-

plasmalogen phosphatidylethanolamnine (alkenyl-LPE) was obtained from Matreya, Inc.

(Pleasant Cap, PA). LY294002, PD98059, and SB203580 were obtained from Biomol

(Plymouth Meeting, PA). Wortmannin was obtained from Sigma (St. Louis, MO). Pertussis

toxin (PTX) was purchased from Life Technologies, Inc. (Rockville, MD). Pre-coated silica gel

60 TLC plates were obtained from EM Science (Gibbstown, NJ). IAPLC grade methanol

(MeOH), chloroform, ammonium hydroxide, and hydrochloric acid (HCI) were purchased from

Sigma (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). [3H]thymidine was from NEN Life

Science Products, Inc. (Boston, MA). Anti-phospho-S473-Akt, anti-Akt, anti-phospho-ERK, and

anti-ERK were obtained from Cell Signaling Technology (Beverly, MA). Anti-MEK2 and anti-

p38 were from StressGen (Victoria, BC, Canada).

Cell lines and cell culture. HEY and SKOV3 cells were from Dr. G. Mills (M.D.

Anderson) and ATCC, respectively, and maintained in RPMI 1640 medium containing 10% fetal

bovine serum (FBS) at 37°C with 5% CO2 . All cells were cultured in serum-free media for 18-

24 h prior to lipid treatment except in the cell migration experiments. For transient transfections,

cells were plated into 35-mm dishes and transfected with DNA using LipofectAMINE (Life

Technologies, Inc.) and Transfection Booster Reagents (Gene Therapy Systems, San Diego, CA)

according to the manufacturers' instructions. Dominant negative MEK was from Dr. D.

Templeton, Case Western University. Kinase inactive p38 was from Dr. Bryan R.G. Williams,

Cleveland Clinic Foundation. The C3-exoenzyme construct was provided by Dr. Alan Wolfman,
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Cleveland Clinic Foundation. Dominant negative Akt was from Dr. Kumliang Guom, University

of Michigan.

Nonradioactive immunoprecipitation Akt kinase assay. The Akt kinase assay was

performed with the Nonradioactive Akt Kinase Assay Kit (Cell Signaling Technology, Beverly,

MA) according to the manufacturer's instructions. All reagents were provided with the kit.

Briefly, cells were treated with al-LPAs, rinsed with ice-cold phosphate-buffered saline, and then

lysed in cell lysis buffer. Immunoprecipitation was carried out using immobilized Akt 1G1

monoclonal antibody. The immunoprecipitate was then incubated with GSK-3 fusion protein

and ATP in kinase buffer. Western analysis was used to determine the extent of GSK-3

phosphorylation by active Akt using a phospho-GSK-3 a/j3 (Ser2l/9) antibody.

Extraction and quantitation of alkyl- and alkenyl-LPAs from ascites. Extraction of

alkyl- and alkenyl-LPAs from ascites was performed as described previously (35, 37). The

stability of different LPA species was tested. Briefly, ascites samples were stored at 4'C for

different time periods and lipids in ascites were extracted with chloroform and methanol in the

presence of HC1. The chloroform phase was dried and lipids were separated on thin layer

chromatographic (TLC) plates. Different LPA species were eluted from TLC plates with a

mixture of methanol and chloroform (2:1). ESI-MS and tandem mass spectrometry (MS/MS)

analyses for the quantitation of alkyl- and alkenyl-LPAs were performed using a Micromass

Quattro II Triple Quadrupole Mass Spectrometer. All quantitative analyses were performed in

the multiple reaction monitoring (MRM) mode as described previously (35).

Preparation of alkyl- and alkenyl-LPAs. Alkyl- and alkenyl-LPAs were prepared

through hydrolysis of the corresponding lyso-PAF or lyso-plasmalogen

phosphatidylethanolamine (alkenyl-LPE), respectively, by phospholipase D (PLD) (Calbiochem,
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La Jolla CA). Briefly, 1 mg of alkenyl-LPE or lyso-PAF was dispersed in 0.1 mL of 0.04 M Tris

buffer, pH 8.0, containing 0.05 M CaC12 and 1% Triton-X100. After addition of the enzyme (4

units of PLD in 15 pL of 0.01M Tris-HC1, pH 8.0), the sample was mixed vigorously. The

reaction vessel was sealed tightly and the contents were rotated overnight at room temperature.

After the incubation period, the mixture was extracted with 1.2 mL of chloroform:MeOH:HC1

(5:4:0.2). The chloroform layer was evaporated under a stream of nitrogen and the residue was

dissolved in 50 gL chloroform:methanol (1:2 v/v). The substrate and the product were separated

on a TLC plate using a solvent system of chloroform:MeOH:NH4OH (65:35:5.5) and the product

was eluted from the plate by extracting with 2 mL of chloroform:methanol (1:2) twice and then

dried under N2. The lipid product was identified and quantified by ESI-MS and then dissolved in

methanol to make a 1 mM solution.

DNA synthesis and MTT assays. HEY cells were plated in 96-well plates, serum-

starved for 16-24 h, and treated for 24 h with different concentrations of al-LPAs in F 12/DMEM

(1:1) medium supplemented with 0.1% fatty acid-free BSA, insulin, transferrin and selenium.

For the DNA synthesis assays, the cells were incubated with 0.15 gCi/well [3H]thymidine for the

last 18 h. Cells were harvested onto filter papers presoaked in 1% polyethyleneimine using an

automated cell harvester, HARVEST 96 (Perkin-Elmer-Wallac, Inc.). Incorporated

[3H]thymidine was counted in a 1450 Microbeta Trilux Liquid Scintillation and Luminescence

Counter (Perkin-Elmer-Wallac, Inc.). For cell proliferation, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) dye reduction assays were used. Twenty [tL of MTT

solution (5 mg/mL) was added to each well and incubated at 37°C for the last 6 h of lipid

treatment. The reduced MTT crystals were dissolved in 100 gL/well of a mixture of DMSO and
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95% ethanol (1:1, v/v). The color developed was read by a plate reader (SpectraMax 340,

Molecular Devices Corp, Sunnyvale, CA) at 595-655 nm.

Western blotting. HEY cells were plated in 6-well plates in RPMI1640 with 10% FBS,

serum-starved overnight, and then treated with or without al-LPAs in serum-free media for the

indicated times. Cells were lysed on ice with Laemmli buffer containing 5% mercaptoethanol.

The lysates were separated with 12% SDS-polyacrylamide gels and transferred onto PVDF

membranes (Bio-Rad Laboratories, Hercules, CA). Antibodies against S473 phosphorylated Akt

or phosphorylated ERK1/2 were used to probe the membrane and the ECL system (Amersham

Pharmacia Biotech Inc., Piscataway, NJ) was used for detection. To normalize the amounts of

protein loaded in each lane, the membranes were stripped and re-probed with antibodies against

total Akt or ERK.

Cell migration assays. Chemotaxis was performed in a mini-Boyden chamber (Neuro

Probe, Inc., Cabin John, MD) using Nucleopore polycarbonate filters (8 gm pore size) coated

with a type-I collagen solution (100 gg/mL) (VitrogenlOO, Collagen Corporation, Fremont, CA).

Different concentrations of LPAs were added to the lower chamber. Checkerboard assays were

performed as described by Okamoto et al. (38). HEY cells were starved for 3 h, trypsinized and

resuspended at a concentration of 2.5 x 105 cells/mL in serum-free medium. The cell suspension

(50 gL) was then placed in the upper chamber. After 4 h at 37°C, the cells that attached to the

filters were fixed in 100% methanol and stained with Hematoxylin solution (Richard-Allan

Scientific, Kalamazoo, MI). Cells that migrated to the lower phase of the membrane were

counted under the microscope.

IL-8 ELISA assays. Cells were grown in 96-well plates, starved overnight, and treated

with lipids for 6 h. The supernatants were collected and stored at -80'C. The IL-8 concentration
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was measured using a quantitative sandwich enzyme-linked immunosorbent assay (ELISA)

(R&D Systems, Minneapolis, MN) according to the manufacturer's protocol with minor

modifications as described previously (24). All analyses were carried out in triplicate. Optical

densities were determined using a SpectraMax 340 plate reader (Molecular Devices, Sunnyvale,

CA) at 650-490 nm.

RESULTS

AI-LPAs were more stable than acyl-LPAs in ascites from patients with ovarian

cancer. We have previously compared the lysolipid content in 15 pairs of ascites samples from

patients with ovarian cancer and non-malignant diseases, and reported that al-LPAs were

elevated in ovarian cancer ascites (35). Four al-LPA species were detected in ascites samples:

16:0- and 18:0-alkyl LPAs, and 16:0- and 18:0-alkenyl-LPAs. The distribution of different al-

LPA and acyl-LPA species in 15 ovarian cancer and 15 non-malignant ascites samples is shown

in Table I. AI-LPA species in ascites account for approximately 12% of total LPAs (both al- and

acyl-LPAs). We observed that al-LPAs were more stable in ascites stored at 4°C under sterile

conditions (Fig. IA). The average half-lives of acyl-LPAs and al-LPAs in ascites stored at 4°C

were approximately 12 months and more than 2 years, respectively (results obtained from 5

ascites samples; Fig. 1B).

AI-LPAs stimulated DNA synthesis and growth of HEY ovarian cancer cells. To

determine the potential pathophysiological role of al-LPAs in ovarian cancer cells, we first

examined the effects of al-LPAs on DNA synthesis and proliferation in HEY ovarian cancer

cells. Alkyl-LPA (16:0) and 16:0/18:0-alkenyl-LPA (the ratio of 16:0 to 18:0 was approximately
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1:1) were synthesized as described in Materials and Methods. Figure 2 shows the spectra of

synthesized 16:0-/18:0-alkenyl- and 16:0-alkyl-LPAs. Each preparation contained a small

amount of impurities, which were mainly derived from 16:0- and 18:0-acyl-LPAs. The

relatively low amount (<10% and <5% in the alkyl-LPA and the alkenyl-LPA preparations,

respectively) of these impurities did not affect the activities tested in this study. Starved HEY

cells were incubated with different concentrations of lipids (0.1-5.0 gM; within the concentration

range detected in ascites from patients with ovarian cancer) for 24 h. The effects of lipids on

DNA synthesis was assessed by addition of [3H]thymidine (0.15 gCi/well) and the effect of

lipids on cell proliferation was measured by MTT dye reduction. Physiological concentrations of

16:0-alkyl-LPA (1-5 [tM) and 16:0/18:0-alkenyl-LPA (1-5 gM) increased [3H]thymidine

incorporation and MTT dye reduction to approximately 2-fold (Fig. 3A and 3B).

AI-LPAs activated ERK and Akt. We have shown in our recent studies that acyl-LPA

induces ERK, p38, and Akt activation in HEY cells (36). We sought to examine the activation of

ERK and Akt induced by al-LPAs. Both alkyl- and alkenyl-LPAs activated Akt as assessed by

an Akt kinase assay (Fig. 4A). Western blot analyses of phosphorylated ERK and Akt (S473)

were performed after HEY cells were treated with alkyl- or alkenyl-LPAs. Both alkyl- and

alkenyl-LPAs (2 gM) induced a concentration- and time-dependent activation of ERK and a

transient increase in the S473 phosphorylation of Akt (Fig. 4B, C). The optimal concentrations

were 5 gM and 1 gM for al-LPAs to activate ERK and Akt, respectively (Fig. 4B).

Concentrations higher than 5 VM were not tested, since they are out of the physiological

concentration ranges of al-LPAs detected in ovarian cancer ascites (Table I). The optimal times

for induction of ERK and Akt phosphorylation by alkyl-LPA were 1-5 min and 30 mm,

respectively. Alkenyl-LPA induced maximal phosphorylation of both ERK and Akt at 30 min
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(Fig. 4C). Similarly, al-LPAs also induced ERK and Akt phosphorylation in another ovarian

cancer cell line, SKOV3 (Fig. 4D).

Pertussis toxin (PTX, a Gi/o inhibitor; 100 ng/mL) partially, and two specific inhibitors of

P13K, LY294002 (10 gM) and wortmannin (100 nM), completely inhibited the activation of

ERK and Akt induced by al-LPAs, suggesting that a PTX-insensitive G protein and P13K are

involved in phosphorylation of ERK and Akt (Fig. 5A, B).

Acyl-LPA-induced Akt activation is dependent on the activities of both MEK and p38,

which is both ovarian cancer cell line- and stimulus-specific (36). In addition to our work, this

MEK-dependent Akt activation/phosphorylation has been shown very recently in ultraviolet B-

and serotonin-induced Akt activation (39, 40). To investigate whether al-LPAs activated the

same signaling pathways as acyl-LPAs in HEY cells, we tested the effects of a panel of

pharmacological and genetic inhibitory reagents on the Akt phosphorylation induced by al-LPAs.

Similar to acyl-LPAs, Akt phosphorylation at S473 was sensitive to both PD98059 and

SB203580 (the specific inhibitors for MEK1/2 and p38, respectively) (Fig. 5C), suggesting that

MEK, and potentially its downstream effector ERK, and p38 were required for Akt

phosphorylation at S473 by al-LPAs. This was further confirmed by transfecting HEY cells with

dominant negative forms of MEK and p38 (MEK/2A and p38/AGF) (Fig. 5D). We have

developed an efficient transfection method in HEY cells (36). Using both LipofectAMINE and

Transfection Booster Reagents #3 (from Gene Therapy System, Inc., San Diego), the transfection

efficiency was increased from 15±4% to 77+6%, as we reported previously (36). Both these

dominant negative forms of MAP kinases blocked Akt activation induced by al-LPAs, indicating

that both MEK and p38 activities are required for al-LPA-induced S473 phosphorylation of Akt

in HEY cells.
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We have shown that acyl-LPA, but not a structurally similar lipid, sphingosine-1-

phosphate (SIP), induces Akt phosphorylation via a Rho-dependent pathways (36). We tested

whether al-LPAs also require Rho for induction of S473 phosphorylation of Akt. Transient

transfection of C3-exoenzyme, which blocks Rho activity, completely abolished al-LPA-induced

S473 phosphorylation (Fig. 5E). Together, these results suggest that al-LPAs stimulate the same

or similar signaling pathways in HEY cells as acyl-LPAs, and they may activate the same or

similar receptors.

Activation of MEK/ERK, but not Akt, was required for promoting DNA synthesis

by al-LPAs in HEY cells. To explore the potential signaling pathways involved in al-LPA

induced DNA synthesis, we tested the effect of PTX, LY294002, wortmannin, PD98059, and

SB203580 on [3H]thymidine incorporation induced by alkyl- and alkenyl-LPAs (Fig. 6A). PTX

inhibited approximately 70% and 45% of [3H]thymidine incorporation triggered by alkyl-LPA

and alkenyl-LPA, respectively, suggesting that both PTX-sensitive and insensitive G proteins are

involved in this activity. LY294002 (10 [iM), wortmannin (100 nM), and PD98059 (30 pM)

completely blocked the al-LPA-stimulated DNA synthesis, suggesting that the activity of P13K

and MEK is essential for the process. In contrast, p38 activity was not required for DNA

synthesis induced by al-LPAs, since [3H]thymidine incorporation was insensitive to the treatment

of SB203580. This was further confirmed by transfection with MEK/2A and p38/AGF (Fig.6B).

Expression of MEK/2A completely inhibited al-LPA-induced DNA synthesis (Fig. 6B). In

contrast, expression of p38/AGF did not affect the DNA synthesis induced by al-LPAs (Fig. 6B),

indicating that p38 was not required for DNA synthesis induced by al-LPAs. Since S473

phosphorylation of Akt required p38 activation (Fig. 5D), and p38 was not required for the DNA

synthesis stimulated by al-LPAs, we predict that Akt activation was not required for al-LPA-
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induced DNA synthesis. To test this, we transfected the dominant negative (dn) form of Akt into

HEY cells and found that dn-Akt did not affect [3H]thymidine incorporation induced by al-LPAs

as we predicted (Fig. 6B). These data suggest that al-LPA-induced MEK activation can lead to a

p38- and Akt-independent stimulation of DNA synthesis in HEY cells.

AI-LPAs promoted ovarian cancer cell migration through collagen I-coated

membranes. Cell migration is critically important for tumor metastasis. Acyl-LPA has been

shown to induce cell migration of a number of cell types (fibroblasts, monocytes, T-lymphoma,

hepatoma, and endothelial cells) (41-49). To test the effect of LPAs on ovarian cancer cell

migration, we conducted Boyden chamber analyses. We found that both alkyl- and alkenyl-

LPAs triggered cell migration through collagen I in a concentration-dependent manner and

alkenyl-LPA was more potent than alkyl-LPA (Fig. 7A). To determine whether the enhanced

cell migration was due to chemokinesis (random motility) or chemotaxis (directional motility),

checkerboard analyses were performed essentially as described by Okamoto et al. (38). The

number of cells that migrated to the lower phase of the membrane was reduced significantly as

the concentration gradient of al-LPAs decreased (Table II), indicating that al-LPAs mainly

stimulated chemotaxis.

We then compared the relative potencies of major LPA species present in ascites in

stimulation of cell migration. We found that 16:0-acyl, 18:0-acyl, 18:1-acyl, 16:0-alkyl and

16:0/18:0-alkenyl LPAs all stimulated migration of HEY ovarian cancer cells through collagen I-

coated membranes (Fig. 7B). At 1 pM concentration, the relative potencies of these LPA species

were 18:1-acyl-LPA> 16:0/18:0-alkeny-LPA> 16:0-alkyl-LPA> 16:0-acyl-LPA> 18:0-acyl-LPA

(Fig. 7B). The cell migration induced by al-LPAs was sensitive to PTX pretreatment and C3

exoenzyme transfection, and partially blocked by LY294002 (Fig. 7C). Interestingly,
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transfection of MEK/2A, which completely blocked al-LPA-induced Akt phosphorylation (Fig.

5D above), did not significantly affect cell migration induced by al-LPAs, suggesting that a

different downstream signaling molecule(s) of Gi, Rho, and/or P13-K (other than MEK) was

responsible for cell migration induced by al-LPAs.

AI-LPAs triggered IL-8 secretion from HEY cells. We have recently shown that 18:1 -

acyl-LPA induces increased IL-8 at both mRNA and protein levels in ovarian cancer cells, but

not in immortalized ovarian epithelial cells (24). To determine whether al-LPAs also induce this

activity, we examined IL-8 secretion from HEY cells using an ELISA assay as previously

described (24). AI-LPAs induced 1L-8 secretion from ovarian cancer cells with similar or higher

potencies than that of 16:0- or 18:0-acyl-LPAs (Fig. 8).

DISCUSSION

We have previously reported that acyl-LPAs are growth stimulating factors for ovarian

cancer and other tumor cells, which are present in ascites from patients with ovarian cancer (21,

22). The major acyl-LPA species (approximately 50% of all acyl-LPAs) in ovarian cancer ascites

is 16:0-acyl-LPA (20). However, it is not a potent growth stimulator of ovarian cancer cells (21,

22). LPA species with unsaturated fatty acids, such as 18:1- and 18:2-acyl LPAs are more potent

mitogens for ovarian cancer cells (20). We have recently detected elevated levels of al-LPAs in

ovarian cancer ascites.

In this work, we show several lines of evidence to suggest that al-LPAs may play an

important pathological role in ovarian cancer development. First, al-LPAs stimulated cell growth

and DNA synthesis of HEY ovarian cancer cells (Fig. 3). Secondly, al-LPAs induced Akt
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activation (Fig. 4A), which may be related to cell survival and chemoresistance. Thirdly, al-LPAs

induced cell migration (Fig. 7A), which is one of the critical steps in tumor cell invasion and

metastasis. Finally, al-LPAs stimulated the production of IL-8 with similar or higher potencies

than 16:0- and 18:0-acyl-LPAs (Fig. 8). In particular, physiological concentrations of al-LPAs

were used in this study and our results support the notion that these lipids may play important

pathological roles in ovarian cancer development, although the role of al-LPAs in vivo remains to

be further investigated.

Ovarian tumor cells inherently possess a strong metastatic potential to the peritoneum,

which is the major cause of death in ovarian cancer patients (50). Preferential adhesion of ovarian

epithelial carcinoma cells to migrate through collagen I (vs. collagen IV, fibronectin, laminin and

vitronectin), has been demonstrated, and the ovarian carcinoma micro-environment is rich in

collagen I (50). We show here that different LPA species promote cell migration through

collagen I-coated membranes and this activity is potentially important in ovarian cancer

pathology.

1L-8 is a pro-inflammatory and pro-angiogenic factor and may be involved in ovarian

tumor development (51, 52). Angiogenesis is a critical factor of tumor development, which

induces the transition from a limited to a rapid tumor growth via neovascularization (53). High

expression of IL-8 mRNA has been detected in clinical specimens of late-stage ovarian

carcinomas (54, 55). Ascites/cyst fluid and/or plasma of patients with ovarian cancer contain

significantly higher levels of EL-8, compared to patients with benign gynecological disorders (56,

57). We have shown that al-LPAs are elevated in malignant ascites (35). Our results shown here

suggest that al-LPAs present in ascites may regulate IL-8 production in vivo.
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The results shown here suggest that the biological activities and/or signaling properties of

LPA species are not only dependent on the composition of the fatty acid side chain, but also the

chemical linkage between the aliphatic chain and the glycerol backbone. While 16:0- and 18:0-

acyl-LPAs are not effective in growth stimulation in ovarian cancer cells (20), 16:0-alkyl- and

16:0/18:0-alkenyl-LPAs stimulated growth and DNA synthesis of HEY ovarian cancer cells. In

addition, 16:0- and 18:0-al-LPAs were more potent than 16:0- and 18:0-acyl-LPAs in stimulating

cell migration and 1L-8 production. Interestingly, various synthetic ether-linked

lysophosphatidylcholine compounds inhibit growth of many malignant cells, and clinical trials

evaluating their antineoplastic potential have been conducted (58, 59). More recently, synthetic

alkyl-LPA derivatives have been tested for their anti-proliferative activities (59). Together with

the observations present here, these data suggest that a free phosphate group at the sn-3 position is

important for the mitogenic activity of lysolipid(s).

Acyl-LPAs containing unsaturated fatty acids, such as 18:1 - and 18:2-acyl-LPAs are more

potent in stimulation of growth (20), IL-8 secretion, and cell migration. These data suggest that

18:1- and 18:2-acyl LPAs, which compose approximately 17% (Table I) of total acyl-LPAs in

ascites (20, 35) and al-LPAs, which compose approximately 12% of all LPA species, may

account for the major portion of biological activities of LPAs in ovarian cancer ascites. The

pathophysiological importance of al-LPAs is further supported by our observation that these LPA

species are more stable than acyl-LPAs at 4°C (Fig. 1). The instability of LPAs at 4°C may

reflect LPA-degrading reactions by endogenous enzymes (at a slower reaction when compared to

physiological conditions at 37'C). However, since the ascites samples were stored under sterile

conditions, exogenous LPA-degrading enzymes from bacteria and/or other sources were unlikely.

The two major pathways to degrade LPA are deacylation by lyso-phospholipase A1 (PLA1) and
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de-phosphorylation by phosphatases (LPPs) (60, 61). While dephosphorylation of al-LPAs and

acyl-LPAs by LPPs may be similarly effective, ether-linked al-LPAs are not degradable by PLAI,

which may account for the relative higher stability of al-LPAs.

We show here that different biological effects induced by al-LPAs require different

signaling pathways. P13K activity is required for cell proliferation, cell migration, and Akt

activation/phosphorylation. MEEK is required for cell proliferation and S473 phosphorylation of

Akt, but not for cell migration. S473 phosphorylation of Akt, but not cell proliferation, is

dependent on p38 MAP kinase activity. These data suggest that MEK activation can lead to a

p38-dependent Akt phosphorylation, and a p38-independent stimulation of DNA synthesis. These

signaling properties provide important information on strategies to antagonize the cellular effects

of al-LPAs.

The work here shows that al-LPAs appear to stimulate the same or similar signaling

pathways as acyl-LPAs, although they differ in concentration and time point for optimal

simulations. In particular, we have shown recently that acyl-LPA stimulated a rather unique Rho-

and MEK-dependent Akt phosphorylation. This signaling pathway is not shared by many other

stimuli that we have tested, including SiP, thrombin, endothelin-1, PDGF, insulin, and EGF (36

and unpublished data). These data suggest that the effects of al-LPAs may be mediated by acyl-

LPA receptors (Edgs). In fact, both Edg4 and Edg7 have been shown to respond to alkyl- and/or

alkenyl-LPAs (62-64). We have found that HEY cells express Edg2, 4 and 7 and SKOV3 cells

express Edg2 and 4 (36 and unpublished data). Since subtype-selective receptor antagonists are

not yet available, the direct assignment of the endogenous receptors mediating the effects induced

by al-LPAs in HEY cells remains to be determined.
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FIGURE LEGENDS

Fig 1. AI-LPAs in ascites from ovarian cancer patients are more stable than acyl-LPAs. AI-LPAs

and acyl-LPAs from ascites samples were extracted and analyzed as described in Materials and

Methods. Five ascites samples from patients with ovarian cancer were stored at 4°C under sterile

conditions. LPAs from 0.5 mL of ascites were analyzed at the time intervals as indicated. A,

ESI-MS spectra of LPAs from a representative ovarian cancer ascites samples analyzed at 0, 6, 12

and 18 months. B, the stability of LPAs in 5 ovarian cancer ascites samples.

Fig. 2. The spectra of synthetic alkyl- and alkenyl-LPAs. AI-LPAs were synthesized and

analyzed as described in Materials and Methods. Al-LPAs were resuspended in methanol and 20

p-L of al-LPAs containing 50 pmol of 14:0-acyl-LPA (internal standard) was used for MS

analyses.

Fig 3. Al-LPAs stimulated DNA synthesis in HEY cells. A, DNA synthesis was measured by

using [3 H]thymidine incorporation as described in Materials and Methods. Cells were treated

with al-LPAs (1-5 g.M) for 24 h. B, MTT dye reduction was used to measure cell proliferation.

Cells were treated with al-LPAs (1-5 tiM) for 24 h. MTT solution was added and incubated at

37°C for the last 6 h of lipid treatment.

Figure 4. Al-LPAs activated ERK MAP kinases and Akt in HEY and SKOV3 ovarian cancer

cells. A, the kinase activity of Akt was performed with the Nonradioactive Akt Kinase Assay Kit

according to the manufacture's instructions. Starved HEY cells were treated with 2 PiM al-LPAs
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for 30 min. B, concentration-dependent Akt (30 min) and ERK (5 min) phosphorylation by al-

LPAs. HEY cells were serum-starved for 18-24 h before stimulation with lipids. C, the time

courses of ERK and Akt phosphorylation stimulated by alkyl-LPA (2 [IM) or alkenyl-LPA (2

[aM) for the indicated times in HEY cells. D, ERK and Akt phosphorylation induced by al-LPAs

in SKOV3 cells. Starved SKOV3 cells were treated with 2 pM al-LPAs for the indicated times.

Fig. 5. Al-LPAs induced phosphorylation of ERK and Akt was dependent on Gi, P13K, MEK and

p38. A, Akt and ERK phosphorylation induced by al-LPAs was PTX-sensitive. HEY cells were

pre-treated with PTX (100 ng/mL) for 16 h prior to stimulation with lipids (2 jiM) for detection of

p-Akt (30 min stimulation) or p-p42/44 ERK (5 min stimulation). B, al-LPA-induced Akt and

ERK phosphorylation was inhibited by P13K inhibitors. Starved HEY cells were pre-treated with

10 [aM LY 294002 or 0.1 [aM wortmannin for 30 min prior to stimulation with lipids (2 [aM; 30

min for p-Akt and 5 min for p-ERK). C, S473 phosphorylation of Akt induced by al-LPAs was

dependent on both MEK and p38 MAP kinases. Starved HEY cells were pre-treated with 30 [aM

PD98059 or 10 paM SB203580 for 30 min followed by stimulation with lipid (2 [aM; 30 min for p-

Akt and 5 min for p-ERK). D, HEY cells were transiently transfected with control vector,

dominant negative MEK (MEK/2A), or kinase dead p38 (p38/AGF), and then treated with 2 [aM

al-LPAs for 30 min. E, S473 phosphorylation of Akt induced by al-LPAs was dependent on Rho

activity. HEY cells were transiently transfected with control vector, C3-exoenzyme (C3), and

then treated with 2 jiM al-LPAs for 30 min.

Fig. 6. A1-LPA-mediated proliferation was PTX-sensitive and dependent on P13K and ERK

activation, but not p38 MAP kinase. A, HEY cells were treated with alkyl-, alkenyl-LPAs, or
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solvent (Ctrl) and [3H]thymidine incorporation was conducted as described in Materials and

Methods. PTX (100 ng/mL) was added to the culture 16 h prior to lipid (5 gM) stimulation.

HEY cells were stimulated with alkyl-LPA or alkenyl-LPA (5 gM) in the presence of 30 gM PD

98059 (PD), 10 [tM LY294002 (LY), 0.1 gM wortmanin (WT), or 10 gM SB 203580 (SB). The

data shown here represent the mean ± SD of three independent experiments. B, HEY cells were

transiently transfected with control vector, dominant negative MEK (MEK/2A), kinase dead p38

(p38/AGF), or dominant negative Akt (AKT/DN). After the starvation, the cells were incubated

with 5 gM al-LPAs for 24 h. Results are plotted as mean ± SD of three independent experiments.

*** p<. 001, ** p<0.01, * p<O.05 (Student's t test).

Figure 7. AI-LPA stimulated HEY cell migration. A, cell mobility was measured in a modified

Boyden chamber assay as described in Materials and Methods. Alkyl- or alkenyl-LPA (0 - 5 [IM)

was added to the lower chamber. Cells migrated to the lower phase of the membrane were counted

after starved cells were seeded in the upper chamber for 4 h. B, the relative potencies of different

LPA species in stimulating cell migration. Different LPA species (1 JIM) were added to the lower

chamber of the migration chamber, and starved cells were added to the upper chamber. Migration

was allowed for 4 h at 370 C. C, al-LPA-stimulated migration was PTX- and Rho-sensitive and

P13K-dependent. HEY cells were pretreated with PTX (100 ng/mL) for 16 h or transiently

transfected with C3-exoenzyme (C3, a Rho inhibitor) or dominant negative MEK (MEK/2A).

HEY cells in the absence (Control) or presence of LY294002 (10 jM, LY), as well as PTX

pretreated cells or transfected cells were loaded into the upper chambers and the lipids (1 PM)

were added to the lower chamber. The migration was conducted for 4 h. The cell number on the
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lower face of the membrane was counted. The results are presented as the mean + SD of three

independent experiments. * ** p<0.001 (Student's t test).

Figure 8. Stimulation of IL-8 secretion by LPAs in HEY cells. Cells were starved from serum for

18-24 h and treated for 6 h with varying doses of LPAs. The supernatants were then removed and

stored in a freezer at -80'C until ELISA (Materials and Methods) was performed.
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A200 NITRIC OXIDE (190.17-190.19) SUNDAY AM

19".17 190.18

Modulation of nitric oxide synthase and cyclooxygenase 2 by CpG DNA in murine The Presentation of Nitric Oxide is Critical in Promoting Mvonncyte Cell Suarisal nr

macrophaoes Apuptosis

Dipak K. Ghosh. Mary Misukonis. Moll' Mast. Charles Rcsth. David Pisersky. Joe Bnrce Yijie Wang. Andrea Doseff. Pete Nutitleo. Philip Notki. Clay B. Marsh: The Ohio State
Weinberg: Duke university &VA Medical center. M.dicmt/eHm-oncology. 508 fulten street. Uerversisy and Dorothy M. Dasis Heart and Lang Research Institute, 473 West 12th Ate..

Durham. NC 27705 Columbus. OH 43210

Bacterial and synthetic DNA can act an immune stimulators and induce inflammation in vivo. Monocytes undergo spontaneous apoptosis through activation of caspase-3. a cotical c-stenie

The purpose of this study was to determine the abilities of vanous phosporothioated. cyvosine protease involved in the death pathway 11 Imsnol. 63.:1755-621. It has been shown that

guanosinc-containing DNAs C"CpG-DNA"t to activate mouse macrnphaers for nitric oxide nrrtic oxide can inhibit both apoptosi- and activation of caspase-3 by S-nrsresylatog the
(NO) and prostaglandin E2 (PGE2t productton and inducible NO synthase tNOS2) and active cysreine residue to caspaso-3. 0. Biol. Chem. 272:311138-48. Paradoxically. nitric
cycloosygenase (COX2) expression. As little as 0.3 ug/nd CpG-DNA increased NO and oxide has also been identified as an inducer of apoptosts (Am I Physiol. 27743 Pt 2):HI IN,)-
PGE2 production.in a dose- and rime-dependent fashion. An olieonucleotide containing 2 99). In this context, we hypothesized that the presentation of nitric oxide may dtermeine

CpG sequences l"SAK2"I was generally the most potent. NO and PGE2 production was whether nitric oxide acted as a pro- or anri-apopsotic molecule in human peripheral blood

noted by 4 to 8 hours after initiation of cultures with CpO-DNA. with kinetics of NO monocytes by either suppressing tyrosine phosphorylation events or inhibiting caspase-l

production for CpG-DNA being comparable to that induced by LPS/IFN-gamma. LPS. IFN- activity. Thin h'ypothesis was tested by the nirrosothiol donor S-nrtrosoglutathione tGS-NOl.

gamna.. or LPS/lFN-oamma did not induce PGE2 production. J774 cells treated with CpG- which S-nitrosylatrs cysteihe residues by donattmg a nitrosyl group to the thiol residue or
DNA had enhanced expression of NOS2 and COX2 protein as deteretned by immunoblot. "NONOatos" (I-substituted diazen-I-ium-l. 2-diolatesl DEANO and PAPA/NO which
with the relative potencies of the DNAs corresponding to that noted for induc-tion of NO and release nitrogen monoxide and can target tyrosine residues. Monocstes were incubated ever
PGE2 production, as well as that for induction of IL-6. IL-I 2. and TNF. Extracts from CpG- a 24-hour period with the rtnic oxide donors and measured for their ability to produce NO by
DNA-treated cells converted L-arginine to L-citrulline. and this was inhibited by the NOS using a Sciver 280 chemiluminescence analyzer. Apoptonis was detected in monocynen by
inhibitor NMMA. The COX-specific inhibitor NS3q9 completely inhibited CpG-DNA- DNA fragrmentatton analysis and measured for caspasr-3-like protease activity by measunng
induced PGE2 production, but had no effect on NO production. The NOS inhibitors NMMA. the release of AFC from the tetra-fluore-substrate DEVD-AFC. Desprte producing equivalent
1400W. and L-NIL effectively blocked NO production, but increased production of PGE2 in amounts of NO. GS-NO promoted monocyte survival and suppressed caspave-3-iike activity

a dose-dependent fashion. Thus. CpG-DNA activates mouse macrophages for expression of while the NONOates did not. Moreover. NONOates blocked monocyre survival in M-CSF-
NOS2 and COX2 and production of the pro-inflammatory mediators NO and PGE2. treated cells and activated caspase-3 like activity, while GSNO did not. Therefore. we provide

evidence that the presentation of NO to monocytes can influence pro- or anti-apoptotic effects

of NO. Grant support: I ROI HL63800. MOIRR01034 ALA Johree Walker Murphy Career

Development Award. Kelly Clark Fund

190.19

Active endothelial nitric oxide synthase is localized at cell-cell contacts

Roland Govers. Lonneke Bcers. Petra de Bree. Eliy van Donselaar. Ton J Rabelink. Jan-
Willem Slot: UMC Utrecht. Heidelberglaan 100. Utrecht, 3584 CX Netherlands

The enzyme endothelial nitric oxide synthase (eNOSI generates nitne oxide (NO) which is
essential for vascular function. Previously, studies have demonstrated that eNOS is localized
in the c.tosol. Golgi complex and caveolae. By using immunofluorescence and irmmuno-
electron nsicroscopy techniques on a morine ticrovascular endothelial cell line we show that
plasma membrane-resident eNOS is predominantly localized at cell-cell contacts. eNOS is
localized at these contacts in detergent-insoluble membrane rafts, while Golgi-localized
eNOS is detergent-soluble. The presence of eNOS at the contact sites is important for its
activity. since non-confluent endothelial cell layers hardly express eNOS at the plasma

membrane and generate less NO than confluent monolayern. Confluent endothelial cells
release more than twice the amount of nitrite in the medium compared to non-confluent cells
under basal conditions and upon stimulation with calcium ionophore or acetylcholine. This
difference in NO production is not due to a change in the total cellular eNOS content. since
the amount of eNOS in the cell is not increased when endothelial cell cultures reach
confluence. Furthermore. in confluent mronolayers the Golos-disrupong hifngal metabolite

brefeldin A causes a redistribution of eNOS from the Golgi complex into the csosol. without
affecting its localization at the plasma membrane or its activity. Since cytosolic eNOS is
inactive it demonstrates that active eNOS is localized at cell-cell contacts. These findines are
highly relevant for the role of NO in vascular physiology. Since NO is essential for increases
ti endothelial permeabdlity induced by e.g. leukock e adhesion. hypoxia. thrombin. VEGF
and histamtne) our data imply that the presence of eNOS at cell-cell contacts is required for
local increases of NO at these sites. resulting in a dynamic and precise regulation of the
permeability of the endothelial lining of the vessel wall.

PHOSPHOLIPIDS (191.1-191.2)

191.1 191.2

Alkyl and Alkenyl Lysophosphotidic Acid Are Elevated in Peritoneal Washings of Association of Mg"*-ATPase. Flippase and Scramblase Activities in Human
Patients with Early and Late Stage Ovarian Cancer Erythrocytes

Yi Jin Mao. Li Song. Benjamin Schwartz. Monique Washington. Alexander Kennedy, David Daleke. Rajeswari Pichika. Michel Julien: Indiana University. Bloomingon, Indiana
Kenneth Webster. Jerome Belinson. Yan Xu: Cleveland Clinic Foundation. 9500 Euclid Ave.. 47405
Cleveland, OH 44195 Transbilayer phospholipid asymmetry in the erythrocyie membrane is regulated in part by two
We have shown recently that in addition to ester-linked lysophosphatidic acid ILPAI. ether- lipid transporters: an inwardly-directed. ATP-dependent aminophospholipid transporter (a
linked LPA species. including alkyl- and alkenyl LPAs IAI-LPAsI are also present in ascitic flippase) and a Ca-"-activated non-specific transporter ta scramblaset that catalyzes the
fluids. In particular. AI-LPAs are elevated in malignant ascites from patients with ovarian energy-independent, bi-directional movement of lipids across the membrane. A Mg:*-
cancer, compared with ascites from patients with non-malignant diseases (liver failure or ATPase that may play a role in flippase activity has been purified from detergent-snlubilized
benign gySecologicat diseasesl. In this study, we evaluated the levels of various lysolipids in human erythoc.yte membranes. Polyclonal antisera obtained from mice immunized with this
peritoneal washings of patients with ovarian cancer (OvCAI. who did not produce ascites. ATPase tnhtbits the purified Mgvt-AT'Pase in detergent-phospholipid micelles and both
compared with those patients with benign/borderline (BBt and endometrial cancer (EC) flippase and scramblase activities in intact erythrovcte membranes. Immunoglohulins
lesions. Subjects had an adnexal mass or EC prior to surgery. At laparotomy. I00 nd of purified from the anu-Mg:'-ATPase antisera also inhibit the activities of these enzymes. In
saline was placed into the peritoneal cavity. 20 m! was then used for analysis. Lysolipids were addition. monoclonal hybridomas generated from mice immunized with the purified Mg:'-
extracted. separated on a thin-layer chromatography plate. and directly analyzed for LPAs. ATPase yield subsets of antibodies that inhibit II both ATPase and the flippase activity. 21
AI-LPAs. lysophosphatidylinositol (LPII. and sphingosine-l-phosphate (SIP) using an only one or tre other of these activities. or31 neitherenzyme. The epitopes recognized by the
olectrospray ionization mass spectrometry-based method. Statistical analysis was performed inhibitory antibodies are cytofacial: anti-Mgý*-ATPase antisera inhibits the activity of the
with Kuaska-Wallis and Wilcoxon tests. Of 26 patients enrolled. 6 had OcCA (4 with Stage cytofacially-exposed fraction of the Mg:-ATPase reconstituted into proteoliposomes. When
IA & 2 with Stage IICI. tO had EC (Stage [A or IB1. 5 had bemign neoplasms. and 2 had added to erythrocyte ghosts prior to resealing, the antisera and the purified antibodies inhibit
borderline ovarian neoplasms. Pair-wise tests demonstrated that AI-LPA levels were elevated both phosphatidylsertne transport and scramblase activity. Nowever, when added to intact
in OvCA vs. BB (p=O.026). and OsCA vs. EC (p=.OI 5). With 35 nM as a cut-off point. 4 of erythrocytes or to previously resealed ghosts. the antisera have no effect, indicating that the
4 stage I OvCA (100%) were detected as well as I borderline tumor. All EC & benign anti-transporter antibodies recognize epitopes on the cyrosolic face of the membrane. These
subjects had normal levels. On the other hand, SIP. LPI, and acyl-LPA levels were not data suggest that the Mg"-ATPase is associated with amnnophospholipid flippase activity and
significantly elevated. These results suggest that AI-LPAs are potential useful markers for that the scramblase and flippase might be closely linked.

clinic management of OsCA. We are currently explonng (he clinical implications of these
findings
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Identification of the first two high affinity receptors for Sphingosylphosphorylcholine
(SPC) and the first receptor for Lysophosphatidylcholine (LPC)

Kui ZhuT, Linnea M. Baudhuint+¶, Guiying Hongt, Freager S. Williams, Kelly L. Cristina,
Janusz H.S. Kabarowski*, Owen N. Witte# and Yan Xu~tt,
TDepartment of Cancer Biology, tDepartment of Gynecology and Obstetrics, Cleveland
Clinic Foundation, 9500 Euclid Ave., Cleveland OH 44195. ¶Department of Chemistry,
Cleveland State University, 24th and Euclid Ave, Cleveland OH 44115. #Department of
Microbiology, Immunology and Molecular Genetics, Howard Hughes Medical Institute,
University of California, Los Angeles, Los Angeles, CA 90095-1662.

Sphingosylphosphorylcholine (SPC) and lysophosphatidylcholine (LPC) are bioactive lipid
molecules sharing structural similarity and involved in numerous biological processes. We
have recently identified ovarian cancer G protein coupled receptor 1 (OGR1) as a specific
and high affinity receptor for SPC (Xu, Zhu et al, Natuare Cell Biol. 2, 261, 2000). Among
G protein coupled receptors (GPCRs), GPR4 shares highest sequence homology (51%) with
OGR1. In this work, we have identified GPR4 as not only a high affinity receptor for SPC,
but also a receptor for LPC with a relative low affinity. Both SPC (EC50=105 nM) and LPC
(EC50= 1.1 M) induce increases in intracellular calcium in GPR4-, but not vector-transfected,
MCF1OA cells. These effects are insensitive to the treatment of BN52021 (a specific PAF
receptor antagonist), suggesting that they are not mediated through an endogenous PAF
receptor. HEK293 cells transfected with GPR4 respond to SPC and, to a lesser extent, LPC,
in serum responsive element (SRE) reporter assays. SPC binds to GPR4 in GPR4-transfected
CHO cells with high affinity (Kd=35.9 nM), with competitive binding elicited by only SPC
and LPC. In GPR4-transfected HEK293 cells, both SPC and LPC, but not platelet activating
factor (PAF), lyso-PAF, lysophosphatidic acid (LPA) or sphingosine-l-phosphate (SIP),
induce internalization of the receptor (receptor-GFP fusion). SPC regulates diverse cellular
functions, include both cell proliferation and growth inhibition, smooth muscle contraction
and wound healing. LPC plays an important role in atherosclerosis and inflammatory
diseases by affecting various aspects of a variety of cell types involved in these diseases.
However, the signaling mechanisms of LPC have not been studied extensively. The
identification of GPR4 as the first LPC receptor and further studies on the role of GPR4 and
its related genes in the development of atherogenesis and other inflammatory diseases will
add important information to our understanding of these diseases.

STo whom correspondence should be addressed. Phone (216) 444-1168; fax: (216) 445-
6269; E-mail: xuy@ccf.org



FASEB Summer Research Conference-Lysophospholipids and Related Bioactive Lipids
in Biology & Diseases. Tucson, AZ (6/10/01).

Roles of Ether-linked Lysophosphatidic Acid in Ovarian Cancer Cells

Jun Lu*, Yi-Jin Xiao*, and Yan Xu*#
*Department of Cancer Biology, Lerner Research Institute, Cleveland Clinic Foundation, 9500 Euclid

Ave., Cleveland, OH 44195, USA
#Department of Gynecology and Obstetrics, Cleveland Clinic Foundation, 9500 Euclid Ave., Cleveland,
OH 44195, USA

ABSTRACT
Lysophosphatidic acid (LPA) is involved in many biological processes, including cell
survival, growth, migration and differentiation. We have recently reported that ether-
linked LPAs (alkyl- and alkenyl-LPAs) are present at elevated levels in ascites from
patients with ovarian cancer, when compared with ascites from patients with non-
malignant diseases. Since ascitic fluid in cancer patients represents an in vivo
environment for ovarian cancer cells, the presence of large amounts of alkyl- and alkenyl-
LPAs suggests that they play a potential pathological role in the development of ovarian
cancer. In the present study, we found that alkyl- and alkenyl-LPAs were more stable
than acyl-LPAs in ascites. These lipids stimulated DNA synthesis and proliferation of
ovarian cancer cells through Gi, phosphatidylinositol-3 kinase (P13-K). and ERK-
dependent pathways. They also induced migration of ovarian cancer cells through the
collagen I-coated membrane. This activity required the activation of Rho and was
partially dependent on Akt activation. In addition, alkyl- and alkenyl-LPAs stimulated
interleukin-8 (IL-8) production. Together, these results implicated that both alkyl- and
alkenyl-LPAs may play important pathological and physiological roles in ovarian cancer
growth and metastasis.
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Sphingosylphosphorylcholine is a ligand for ovarian cancer G-protein-coupled receptor 1

Yan Xu, Kui Zhu, Guiying Hong, Weihua Wu, Linnea M. Baudhuin, Yijin Xiao and Derek S. Damron

Sphingosylphosphorycholine (SPC) is a bioactive lipid that acts as an intracellular and extracellular

signalling molecule in numerous biological processes. Many of the cellular actions of SPC are

believed to be mediated by the activation of unidentified G-protein-coupled receptors. Here we show
that SPC is a high-affinity ligand for an orphan receptor, ovarian cancer G-protein-coupled receptor 1

(OGR1). In OGRi-transfected cells, SPC binds to OGR1 with high affinity (Kd=33.3nM) and high
specificity and transiently increases intracellular calcium. The specific binding of SPC to OGR1 also

activates p42/44 mitogen-activates protein kinases (MAP kinases) and inhibits cell proliferation. In

addition, SPC causes internalization of OGRI in a structually specific manner. Based on our results,
we show for the first time the identification of a high-affinity and specific receptor for SPC.
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Up-regulation and Activation of Akt2 by Bioactive Lysolipids in Ovarian Cancer

Linnea M. Baudhuin'.3 and Yan Xu1, 2
.3

'Department of Cancer Biology, Cleveland Clinic Foundation, 9500 Euclid Avenue, Cleveland, OH,44195; 2Department of Gynecology and Obstetrics, Cleveland Clinic Foundation, 9500 EuclidAvenue, Cleveland, OH, 44195; 3Department of Chemistry, Cleveland State University, 24 andEuclid Avenue, Cleveland, OH, 44115

The structurally related bioactive lysolipids, lysophosphatidic acid (LPA), sphingosine-1 -phosphate(S1P), and sphingosylphosphorylcholine (SPC) have been shown to affect the growth andinvasiveness of ovarian cancer cells. All three of these lipids have been detected in the ascitic fluidand/or plasma of patients with ovarian cancer. Akt2 (PKBO3, RAC-PKR3) is an oncogene that regulatesspecific apoptotic proteins and is amplified with high frequency in ovarian, breast, and pancreaticcarcinomas. With the aid of GeneChip analyses, we show that S1P regulates increased mRNAexpression of Akt2 in the HEY ovarian cancer cell line. Using quantitative RealTime RT-PCR, weconfirm that S1 P, and additionally LPA and SPC, regulate increases in Akt2 mRNA expression inovarian cancer cells in a time- and dose-dependent manner. Furthermore, by detection of serine 473phosphorylated Akt2, we show that LPA, S1 P, and SPC activate Akt2 in HEY cells. With the use ofspecific inhibitors, we further demonstrate that this activation of Akt2 is dependent on G1, -phosphatidylinositol 3-kinase (PI3-K), and phospholipase C (PLC).

Overexpression of the OGR1 in HEK293 Cells Inhibite Cell Growth, Migration and

Spreading

Guiying Hong, Linnea Baudhuin, and Yan Xu

Cancer Biology Department

We recently described the identification of the ligand (sphingosylphosphorylcholine, SPC) for an orphan Gprotein coupled receptor, OGRI (Xu et al., Nature Cell Biology, 2, 2000, 261-267). To explore the potentialcellular functions of OGRI and its ligand, we established an OGRl-induible system (the ecdysone-indusiblesystem, Invitrogen) in HEK293 cells. We found that overexpression of OGR1, even in the absence of its ligand,had profound effect on cell growth, spreading and migration, and the ligand (SPC) firther enhance these effects.Induction of OGRI induced inhibitions of cell growth (10-57%), cell spreading on tissue culture dishes(20-60%), and cell migration through FN in Boyden Chambers (decreased for 4-fold) in a OGRI exp1ressionlevel-dependent manner. The mechanisms of these inhibitions are under investigation. Our preliminary resultssuggest that AKT2, integrins and FAK may be involved.
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Activation of RNase L by 2',5'-Oligoadenylates Regulates MAP Kinases: Implications for IFN- and Viral-
Mediated Apoptosis

Geqiang Li and Robert H. Silverman
Department of Cancer Biology,
Lemer Research Institute

RNase L is a uniquely-regulated endoribonuclease that functions in the anti-viral and apoptotic activities of type IIFNs. IFN treatment of mammalian cells induces a family of 2-5A synthetases that produce 2'-to-5' linkedoligoadenylates (2-5A) in response to viral double stranded RNA (dsRNA). The inactive, monomeric form ofRNase L is converted to its active, dimeric form after binding to 2-5A leading to degradation of cellular and viralRNA. Recently, we reported that stimulation of c-Jun NH2-terminal kinase (JNK) and its upstream activatorkinase, MKK4, by dsRNA were both deficient in RNase L' cells (Iordanov, M. et al. MoL CelL Biol. 20,617,2000). We have now extended these findings by directly implicating RNase L in the activation of INKI andJNK2. Transfection of human ovarian carcinoma cells (Hey1B) with 2-5A [ppp(A2'p),A, n = 2 to 6] causedactivation of RNase L resulting in characteristic rRNA cleavage products. In the presence of 2-5A and the proteillsynthesis inhibitor, cycloheximide (CHI), there was also a potent activation of JNK1 and JNK2. In contrast, thedimeric form of 2-5A (pppA2'p5'A) failed to activate RNase L and failed to activate INKs in the presence orabsence of CHI. In addition, stimulation of the extracellular regulated kinase, ERK2, was suppressed by 2-5Aactivation of RNase L. Because INKs are linked to apoptosis and ERK2 to growth or cell survival signals, theresult of both activating INK and inhibiting ERK2 will be to promote cell death. We previously showed thatapoptosis by both viral and non-viral agents is deficient in RNase L'cells and mice and 2-5A transfection ofmammalian cells causes apoptosis (Zhou et al., EMBO J. 16, 6355-6363, 1997). Therefore, the regulation of theJNK and ERK MAP kinases by RNase L is likely to provide some of the cell death signals triggered by lFNs agll
viral double stranded RNA.

Electrospray Ionization Mass Spectrometry Analysis of Lysophospholipids in Human Ascitic Fluids
Comparison of the Lysophospholipid Contents in Malignant and Non-malignant Ascitic Fluids

Yi-Jin Xiao, Benjamin Schwartz, Monique Washington, Alexander Kennedy, Kenneth Webster,
Jerome Berlinson and Yan Xu

Lysophospholipids(lyso-PLs), including various glycerol-based and sphingosine-basedlysophospholipids, play important roles in many biochemical, physiological and pathologicalprocesses. The classical methods to analyze these lipids involve gas-chromatography and/or high-performance liquid chromatography (HPLC), which are time-consuming, cumbersome andsometimes inaccurate due to the incomplete separation of closely related lipid species. We nowdescribe the quantitative analysis of lyso-PLs in ascites samples from patients with ovarian cancerusing electrospray ionization spectrometry (ESI-MS). Three new classes of lyso-PL molecules aredetected: alkyl-LPA, alkenyl-LPA and methylated lysophosphatidylethanolamine(LPE). Importantly,the following lysophospholipid species are significantly increased in ascites from patients with ovario,cancer, compared to patients with non-malignant diseases(liver failure): LPA(including acyl-, alkyl-and alkenyl-LPA species), Lysophosphatidylinositol(LPI) and sphingosylphosporylcholing(SPC).
Lysophosphorylcholing(LPC) contents are also significantly different among ascitic fluids from the tv1,,groups of patients. However, the total phosphate in ascites samples from patients with ovariancancer are not significantly different compared to that from patients with non-malignant disease.
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The Dual Effect of Sphingosine-1-Phosphate on Cell Migration

Guiying Hong and Yan Xu

Sphingosine-1 -phosphate (SiP) is a bioactive lysophospholipid that acts as an extracellular and
intracellular messenger. We reported previously that SIP modulates both growth and adhesion of
ovarian cancer cells (Hong et al.,FEBS Letters, 460,1999, 513-518). In this study, we showed that
SI P regulates cell migration/invasion in a cell type specific manner in Boyden chamber assays. SIP
(0.2 pM) inhibited chemotactic migration of HEK293 cells (5-fold) and human leukemia Jurkat cells
(6-fold), but stimulated the migration/invasion of ovarian cancer cells (HEY and OCC1), although the
stimulation was <2-fold. The basal levels (chemokinetics) of migration/invasion (when the culture
medium and SIP were present in both the upper and lower chambers) of HEY and OCCi cells were
dependent on the composition of the extracellular matrix proteins. HEY cells are more invasive than
OCCl in vivo. Nonetheless, HEY and OCC1 cells showed similar rates of migration through laminin-
coated membranes. However, HEY cells migrated 1.6-fold and 50-fold faster than OCC1 cells when
the Boyden chamber membranes were coated with collagen I and fibronectin, respectively. SiP (0.2
pM) stimulated a 2-fold migration of OCC1 cells through laminin, as compared to the control. Both
the basal and Si P-stimulated migration of HEY cells through collagen I, fibronectin, and to a lesser
extent, laminin, were inhibited by RGD peptide, suggesting the involvement of RGD-containing
integrin(s) in these processes. Since SiP is present in the ascites of patients with ovarian cancer
(Hong et al.,FEBS Letters, 460,1999, 513-518), studying the mechanism of S1 P-regulated tumor cell
invasion will provide important information on ovarian tumor metastasis.

Biological Effects of Alkyl- and Alkenyl-lysophosphatidic Acids in Ovarian Cancer Cells

Jun Lu, Kui Zhu, and Yan Xu

Lysophosphatidic acids (LPAs) are composed of acyl-, alkyl-, and alkenyl-LPA species and they areextracellular signaling molecules acting through G protein-coupled receptors. Our lab recently foundthat alkyl- and alkenyl-lysophosphatidic acids (alkyl-LPA and alkenyl-LPA) were significantlyelevated in ascites from patients with ovarian cancer, compared with patients with non-malignantdiseases. In HEY ovarian cancer cells, both alkyl-(16:0) and alkenyl-(16:0/18:0) LPAs inducedproliferation, whereas their counterparts, acyl-LPAs (16:0 and 18:0), showed antiproliferative activityat high concentrations (>=5 g.M). Alkyl- and alkenyl-LPAs activated Akt2 (protein kinase B) throughphosphoryfation of Ser 473, which could be inhibited by phosphoinositide 3-kinase (P13K) inhibitors.In addition, alkyl- and alkenyl-LPAs induced transient increases in intracellular Ca 2
* in HEY cells. Todetermine whether acyl-, alkyl- and alkenyl-LPAs activate the same or different receptors,heterologous desensitization was conducted among them by monitoring changes in intracellularCa'*. While acyl-LPAs (16:0, 18:0, and 18:1) desensitized each other, they did not desensitize thecalcium induced by either alkyl or alkenyl-LPAs, suggesting the latter two sub-groups of LPAs mayactivate different receptors. Together, these results suggest that alkyl- and alkenyl-LPA may play animportant role in ovarian cancer development through activating distinct receptor(s) from acyl-LPAs

in HEY cells.
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